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Abstract 
Wheat is one of the largest crops in the world with annual production of around 600 
million tonnes. About 24 million tonnes of wheat is produced in Australia under rain-
fed conditions and almost 80% of those is exported to overseas. Australia is 
experiencing climate change with increased incidence and severity of droughts and 
declining winter rainfall in areas with Mediterranean climate. Stem water soluble 
carbohydrate (WSC) deposited in wheat stems represent  an important carbon sources 
for grain filling, especially under terminal drought conditions. Sucrose is the major 
transportable form of carbon in plants and the sucrose transporter (SUT) gene family 
is important in facilitating phloem loading and unloading. This PhD explores SUT 
functions on stem WSC remobilization under two environmental constraints, drought 
and nitrogen (N) supply in two wheat cultivars, Westonia and Kauz. It also examines 
diurnal changes in gene expression and WSC remobilization.  
Firstly, to determine the major functional SUT gene groups in the shoot of wheat 
during grain development, drought tolerant varieties, Westonia and Kauz, were 
investigated in field drought experiments. The  homologous genes to OsSUT1-5 were 
identified in Westonia and Kauz, namely TaSUT1_4A, TaSUT1_4B, TaSUT1_4D; 
TaSUT2_5A, TaSUT2_5B, TaSUT2_5D; TaSUT3_1A, TaSUT3_1D; TaSUT4_6A, 
TaSUT4_6B, TaSUT4_6D; TaSUT5_2A, TaSUT5_2B, and TaSUT5_2D. TaSUT1-5 
gene expression patterns in stem, leaf sheath, rachis, lemma and developing grain were 
explored from pre-anthesis to grain maturity. TaSUT1 was the major sucrose 
transporting group in all studied organs and the expression was particularly higher in 
grain. TaSUT3 was preferentially expressed in the lemma before anthesis thus, it is 
hypothesised that it may contribute to pollination and seed setting. TaSUT5 was 
weakly expressed in developing grain while it was not expressed in other tissues. 
Secondly, the effects of drought on expression of SUT in wheat under well-watered 
and drought conditions during grain filling are unknown. Plants were harvested from 
pre-anthesis to grain maturity, and the stem and developing grain were used for 
analysing TaSUT gene expression. The upregulation of TaSUT1 in Westonia in the 
stem and grain suggest a crucial role for the remobilization of stem WSC to grain 
under drought. Also, TaSUT1 gene expression was significantly correlated with high 
total grain weight (TGW) in Westonia under drought stress. In Kauz, the significant 
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correlations between  TaSUT1 gene expression and TGW and kernel number per spike 
demonstrated the contribution of TaSUT1 to high grain yield in an irrigated 
environment. Thus, efficient stem WSC remobilization to grain under drought should 
enhance grain yield.  
Thirdly, this thesis characterised the diurnal patterns of WSC and its main components 
together with the TaSUT1 gene expression in flag leaves and main stems during grain 
filling. On average, the total WSC and fructan levels in the stems were double those 
in flag leaves, which further indicates the carbon storage function for wheat stems. 
Diurnal patterns of WSC and sucrose appeared mainly in leaves across all 
developmental stages, while diurnal effects for glucose and fructose were apparent 
before 7 days after anthesis (DAA). Leaf fructan diurnal patterns were exhibited at 
heading and at 14 DAA in both varieties, and at 21 DAA in Kauz; while in the stem a 
diurnal effect was present only at anthesis in Kauz. The significant correlations 
between the levels of TaSUT1 expression and sucrose indicate that TaSUT1 gene 
expression may be moderated by the level of sucrose. Elevated levels of TaSUT1 
expression and sucrose in Kauz may play a role in securing grain yield. 
Fourthly, N fertilizer is widely used by farmers around the world. Therefore, the effects 
of N fertilizer on yield components, water soluble carbohydrates and TaSUT1 gene 
expression were examined during grain filling. A field experiment was carried out in 
2016 with Westonia and Kauz, and two N treatments (25 and 125 kg N ha-1, low N 
and high N treatments, respectively) at Wongan Hills in Western Australia.  At the 
high N level, stem WSC increased by about 23% in both cultivars when grain filling 
commenced. Also, the high N treatment increased sucrose levels by around one third 
in Kauz and twice in Westonia. Moreover, high N promoted TaSUT1 gene expression 
in wheat stems. High N increased TaSUT1 expression about 2 and 3 folds in Kauz and 
Westonia, respectively, at 28 DAA. The high remobilization of sucrose may 
contribute to the higher grain weight as the grain weight per spike was almost doubled 
in Kauz and 20 % higher in Westonia at high N.   
In conclusion, this thesis identified TaSUT1 as the major TaSUT gene family for 
sucrose transportation in wheat.  TaSUT1 expression was strongly moderated by the 
sucrose levels in well-watered and N treatment conditions. The genotypic variations 
in TaSUT1 gene expression between Westonia and Kauz showed the differentiations 
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of sucrose remobilization efficiency under drought environments. The genotypic 
differences at the gene sequence level need further investigation for TaSUT1 gene 
marker generation. 
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Chapter 1: General introduction and thesis aims 
1.1 General introduction  
Wheat is one of the major cereals cultivated in the world and is a major source of food 
for human consumption (Hikmet et al. 2013). Wheat is broadly grown in latitudes of 
30° to 60° N and 27° to 40° S (Curtis 2002) and global wheat production is about 600 
million tons per annum depending on weather conditions. The world’s population is 
growing rapidly (Godfray et al. 2010) and is projected by FAO to peak around 9 billion 
individuals by the middle of this century. The world is encountering rising requests 
for crop production, originating from three key powers: expanding human populace, 
meat and dairy utilization from developing affluence, and biofuel utilization. It has 
been calculated that to feed this growing population, the four key global crop (maize, 
rice, wheat, and soybean) yield should be raised annually by 2.4% to meet the required 
amount for the doubling global production by 2050 (Ray et al., 2013). Current crop 
production is facing the combined challenges of declining area for crop production 
due to population growth and the impact of climate change on the environment (Altieri 
and Nicholls 2017; Tester and Langridge 2010). Water deficit is a broad issue as it is 
anticipated that by 2025, around 65% of the world’s population may suffer from a 
lack of water (Nezhadahmadi et al. 2013).  
Wheat is particularly vulnerable towards to drought stress because it is often planted 
in rain-fed marginal land (Collins et al. 2008). Drought has impacts on the duration of 
grain filling as well as its impacts on the transition period between vegetative and 
reproductive stages, and grain setting (Saini and Westgate 1999). In Australia, wheat 
is extensively but not exclusively cultivated under a Mediterranean-type climate, 
where precipitation mostly occurs in winter, and summers are hot and dry. The rain-
fed crops are often subjected to water stress, known as “terminal drought”, coinciding 
with the stage of grain filling. Terminal drought stress reduces grain weight and grain 
size (Farooq et al. 2014; Loss and Siddique 1994; Zhang 2008).  
Another factor affecting crop production is soil fertility, especially the availability of 
nitrogen (N) for crop growth. Nitrogen is an important nutrient for crop growth and 
grain protein content. Different quantities of N fertilizer are applied to support 
agricultural production globally and the cost of N fertilization is a major component 
of the producer’s budget. However, the utilization of N in agriculture is generally 
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inefficient, as the crop utilizes only about 30% of the fertilizer N (Cassman et al. 1998; 
Raun and Johnson 1999). Hence, the management of N inputs in wheat production 
systems is challenging and more needs to be done to obtain high N use efficiency 
(Mandic et al. 2015). Nitrogen utilization efficiency is an important subject to both 
wheat researchers and farmers.  
Light (intensity, quality, direction and photoperiod, and day length) broadly influences 
plant growth and development, and especially photosynthesis (Franklin 2009; Neff et 
al. 2000). Plants use the photoperiod to regulate numerous developmental process 
during their lifecycle (Whitelam and Halliday 2007) including the diurnal pattern of 
carbohydrates and the expression of genes related to carbohydrates (Ning et al. 2018a).  
In wheat, grain filling relies on two main sources of carbon, the current photosynthate 
in green organs and reserve carbohydrates stored predominantly in the stem (Wardlaw 
and Willenbrink 1994). Stored carbohydrates are essential for grain development 
(Plaut et al. 2004) and mobilization of stem water soluble carbohydrate (WSC) begins 
during the middle of grain filling (Spiertz and Ellen 1978). In most plants, sucrose is 
the main carbohydrate translocated through the phloem from the source to the sink 
organs (Ruan 2012). Grain filling benefits from efficient sucrose transport mediated 
by sucrose transporter (SUT) proteins. Sucrose transporters are integral membrane 
proteins on the plasmalemma of phloem cells and are active transporters of sucrose 
across the membrane combined with proton transport (Aoki et al. 2002). 
1.2 Aims and objectives of the thesis 
The research in this thesis was undertaken in south-western Australia where wheat 
producers are looking for advances in wheat breeding to help them face an increasing 
incidence of drought and a decline in winter rainfall. Previous research has addressed 
WSC remobilization in wheat stems and roots, and has identified that the extent and 
timing of carbohydrate supply to the grain under terminal drought is important in 
reducing yield loss. Westonia and Kauz varieties are drought tolerant and they have 
high WSC levels (c. 40%) after anthesis in their stems, but their responses to drought  
differ as Zhang et al. (2009) found genotypic differences in stem and root WSC 
remobilization under drought. For example, in Murdoch University, previous studies  
over two years of glasshouse water-deficit experiments, and four years of field drought 
experiments revealed genotypic variations in stem and root WSC remobilization under 
drought (However, since sucrose is the main transportable form of sugar, there is 
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strong interest in understanding how sucrose is transported in the plant, and the role 
of sucrose transporter genes (TaSUT) in this process. process. Therefore, the aims of 
this study were, firstly, to identify TaSUT gene isoforms and their contribution to 
sucrose transport and, secondly, determine effects of environmental conditions on 
TaSUT gene expression during grain filling. The PhD project contributes to breeding 
advancement in wheat production in this part of Australia.  
The thesis objectives are as follows: 
1. Investigate the sucrose transporter genes TaSUT in well-watered wheat and its 
isoforms using rice comparative genes;  
2. Identify the major sucrose transporter gene family; 
3. Determine the effect of drought and N fertilizer on TaSUT1 gene expression 
and their influence on stem WSC; and 
4. Determine the effect of photoperiod on TaSUT1 expression and WSC 
remobilization.  
The following figure shows the structure of the thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 Thesis structure. 
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Chapter 2: Literature review 
2.1 Introduction 
Wheat is one of the most important food crops in the world today. Wheat was 
important for human societies as they transitioned from gathering wild plants to the 
cultivation of arable crops (Salamini et al. 2002). Subsequent genetic changes resulted 
in the domestication of these cultivated species, reflecting the genius of early farmers 
as the first plant breeders; the present generation of plant breeders have the tools 
available that enable them to use advanced plant engineering (Vaughan et al. 2007). 
It is believed that wheat was first cultivated about 10,000 years ago (Gill et al. 2004; 
Gupta et al. 2008). Archaeological remains of wheat grains of both emmer and einkorn 
wheat have been found at locations in the “Fertile Crescent” of the Tigres and 
Euphrates rivers, places now known as Turkey and Syria (Lev-Yadun et al. 2000). 
2.2 Wheat genome 
Wheat (Triticum ssp.) is an important cereal within the Poaceae (Gramineae)  family 
within the tribe Triticeae. Modern wheat contains three genomes: A, B and D derived 
from three diploid wild species native to the Middle East (Gupta et al. 2008). There 
are three chromosome groups (Gill et al. 2004; Gupta et al. 2008). The first group 
contains the diploid wheat (2n = 2x = 14: AA) such as Triticum urartu which contains 
only the A genome, Aegilops speltoides (2n = 14: BB) and Aegilops tauschii (2n = 14 
DD).  
The second group contains the tetraploid wheat (Gupta et al. 2008; Huang et al. 2002), 
for example Triticum durum or durum wheat which contains both the A and B 
genomes (2n = 4x = 28: AABB) with seven pairs of homologous chromosomes. It 
originated from hybridization between a diploid donor of wheat (Triticum 
monococcum urartu 2n = 14: AA) and another unknown species close to Aegilops 
speltoides as the source of the B genome. The last group comprises hexaploid wheat 
(Triticum aestivum) known as bread wheat which comprises three genomes A, B and 
D (2n = 6x = 42: AABBDD) and contains seven pairs of homologous chromosomes 
derived from hybridization during early domestication between the tetraploid Triticum 
turgidum and the diploid donor of the D genome, Ae. tauschii (2n = 14: DD). It is 
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considered as the most recent step in the evolution of wheat (Huang et al. 2002; 
Vaughan et al. 2007) (Fig. 2.1). 
 
Fig. 2.1 Simple schematic of the evolutionary history of wheat.  
Therefore, bread wheat (hereafter referred to as wheat when not otherwise specified) 
is an allopolyploid, having multiple sets of chromosomes. Polyploidy is a dominant 
factor in plant speciation, and among the polyploids in the nature the allopolyploids 
are predominant and include important crops like bread and durum wheat. These 
plants are natural stable hybrids that enjoy the benefits of continuous hybridity (Jauhar 
2007). Allopolyploidy results from interspecific or intergenetic hybridization coupled 
with concomitant or subsequent chromosome doubling that leads to sexual 
hybridization (Jauhar 2003, 2007). Waines and Ehdaie (2007) mentioned that Triticum 
aestivum is an allohexaploid. The wheat genome is large compared with the rice 
genome. The genome size of hexaploid wheat is 16,000 Mb, about 8-fold larger than 
maize (2,500 Mb) and 40-fold larger than rice (Arumuganathan and Earle 1991; Gill 
et al. 2004; Gupta et al. 2008). Duplication of chromosome segments are largely 
responsible for the differences in genome size (Moolhuijzen et al. 2007). 
2.3 Wheat in the world and Australia  
The annual production of wheat is about 750,000 tons (FAO 2018). Among world 
wheat production, T. aestivum represents over 90% while T. durum accounts for less 
Diploid wheat
Triticum urartu
(AA)
Aegilops speltoides 
(BB)
Aegilops tauschii 
(DD)
Tetraploid wheat
Triticum durum
(AABB)
Hexaploid wheat
Triticum aestivum
(AABBDD)
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than 10%. Wheat varieties are classified in terms of their requirements for temperature, 
such as winter wheat or spring wheat. In very cold regions, wheat seeds are sown in 
spring after the thawing of snow to ensure ripening in summer. In winter wheat, the 
seeds are planted before winter and in cold climates the young seedlings may be 
exposed to low temperatures but are protected by snow cover; they resume growth 
when the snow melts (Khan and Shewry 2009). In winter rain-fed regions, the winter 
wheat continues to grow through the cool season. 
Australia is one of the largest white wheat exporting countries in the world. In 
Australia, wheat is the largest grain crop and makes a significant contribution to the 
Australian economy as 70% of the grain is exported in productive years. Globally, 
Australia is the fourth largest exporter and contributes 11% of the global trade. Wheat 
is grown in each of the eastern and western Australian states in a region known as the 
wheat-belt (DPI 2007). According to ABARES (2018), the largest winter crop 
production is wheat, with about 21 million tons on average per year. Western Australia 
(WA) produces about half of the Australian production (ABARES 2018; DPIRD 
2019). In WA, the zone sown to wheat in the course of recent years has remained 
generally stable at between four to five million hectares. However, over the same 
period the production has expanded to around 8-10 million tons per year (DPIRD 
2019) (Fig. 2.2). 
 
 
 
 
 
 
 
 
Fig. 2.2 The area and production of wheat in West Australia from 1980-2018. Source : 
Department od Primary Industry and Resources Department 2019 
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In south-western Australia, wheat is grown in a region with Mediterranean climate 
and the crop is rain-fed. Over 75% of the annual rainfall falls in the period May to 
October and water deficit occurs from November to April (Loss and Siddique 1994; 
Ludwig et al. 2009). The grain production area in WA is classified into five zones 
which are named the port through which grain is exported. These zones are Geraldton, 
Kwinana West, Kwinana East, Albany and Esperance (Abrahams 2019) (Fig 2.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.3 South-western Australian growing regions and port zones.  
As well as wheat being profitable in its own right, it has become the most important 
break crop in WA cereal production systems, overtaking barley and canola because of 
better prices and farming control options (GRDC 2015b: DPI 2020). 
2.4 Water soluble carbohydrate 
Stem water soluble carbohydrates (WSC) represent the predominant constituents of 
non-structural carbohydrates (Gebbing and Schnyder 1999). During vegetative and 
early reproductive growth, cereals and temperate grasses accumulate surplus 
assimilated carbon as WSC stores in stems and leaves (Wardlaw and Willenbrink 
1994). These carbohydrates can be remobilised and transported to the developing 
grain where they can make a substantial contribution to the grain yield in cereals such 
as wheat and barley (Housley 2000;Schnyder 1993; Setter et al. 1998).  
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In particular, stem WSC play a significant role under biotic and abiotic stress 
conditions. For example, studies have shown that the WSC concentration was higher 
in cold-tolerant cultivars than in less tolerant cultivars (Livingston et al. 2006). 
Furthermore, WSC is not only a source of energy for plant defence but also functions 
as signal compounds in the regulation of defence genes (Dong et al. 2016; Trevanion 
et al. 2004). In general, WSC are associated with complex communications that are 
essential for the coordination of metabolism with development and reaction to 
environmental changes and stress (Rolland et al. 2002; Rolland et al. 2006). 
 
During grain filling, stem water soluble carbohydrates (WSC) are a major carbon 
provider in wheat under drought conditions in Australia (Zhang et al.,2016). The WSC 
in the stem of wheat can account for about 40% of the entire stem dry weight, and is 
a highly significant source for grain filling particularly under drought stress in 
Australia (Zhang et al., 2009). Elevation in the stem concentration of WSC has 
considered as one of  vital selection criterion in the screening of wheat genotypes in 
breeding programs for drought tolerant wheat . However, under water deficit Zhang 
et al. (2009) demonstrated that the stem WSC concentration alone is not a reliable 
criterion for identifying wheat lines with good  potential of  grain yield under drought. 
Rather, the activity of remobilization (rate and timing) for the stem WSC is a better 
physiological indicator (Zhang et al. 2009). 
The WSC pool contains different types of sugars such as sucrose, fructan, glucose and 
fructose (Ruuska et al. 2006). In wheat, the stem WSCs consist mostly of fructans, 
followed by sucrose with lesser quantities of glucose and fructose (Virgona and 
Barlow 1991). Sucrose is a water-soluble disaccharide and is the main sugar 
translocated from source organs to developing tissues in most plants (Pfeiffer and 
Kutschera 1995). Sugars play a vital role in plant metabolism as well as participating 
in hormone signalling related to environmental stress (Finkelstein and Gibson 2002; 
Gazzarrini and McCourt 2001; Roitsch 1999; Sheen et al. 1999).  
2.5 Sucrose  
Sucrose is a disaccharide composed of glucose and fructose linked by an O-glycosidic 
bond (Sturm and Tang 1999; Halford et al., 2011). Sucrose has two key characters, 
stability and a restricted number of enzymes able to catalyze its degradation. Sucrose 
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participates in two processes: long-distance transport and long-term storage (Sauer 
2007). Sucrose is the main sugar (Lemoine et al. 2013) translocated from source 
tissues (primarily leaves) via the sieve elements/companion cells in the phloem to non-
photosynthetic tissues (sink tissues) (Ruan 2014). Sucrose, along with its component’s 
glucose and fructose, plays important roles in different processes in the plant such as 
transport, storage and metabolism of carbon (Ji et al. 2005). The sucrose content has 
been associated with multiple gene networks, from sucrose formation to transportation 
to sucrose catabolism. 
 
2.6 Sucrose gene network 
2.6.1 Sucrose formation 
During photosynthesis in the chloroplast, carbon is fixed in the Calvin cycle to 
produce trios phosphate (Triose-P) which is transported to the cystol by the activity 
of a triose P/phosphate translocator. Conversion by aldose produces one fructose 1,6-
bisphosphate (F1,6BP) which is later metabolized to produce other hexose phosphates. 
Fructose 6-phosphate (F6P) and glucose 6-phosphate (G6P) represent the hexose 
phosphates formed from this conversion (Ruan 2014; Stein and Granot 2019).  
Sucrose synthesis occurs by a two stage process catalyzed by sucrose phosphate 
synthase (SPS) and sucrose phosphate phosphatase (SPP). Sequential action of the 
two enzymes starts with SPS synthesis to produce the final yield of Suc-6- phosphate 
from Fru-6-phosphate and UDP-Glc substrates followed by the removal of a 
phosphate group by SPP to give sucrose (Halford et al. 2011; Lunn and MacRae 2003; 
Ruan 2014) (Fig. 2.4). Furthermore, sucrose can be formed from fructose and UDP-
glucose by the activity of sucrose synthase (SuSy) and this reaction is reversible (Xue 
et al. 2008).  
In wheat, there are many isoforms of sucrose phosphate synthase (TaSPS) genes (Lunn 
and MacRae 2003) and five (TaSPSII, TaSPSII, TaSPSII, TaSPSV and TaSPSVI) 
(Castleden et al. 2004) showed increased expression under drought-stress. This could 
be considered as a mechanism for the increase in drought-induced accumulation of 
soluble sugar (Xue et al. 2008). Furthermore, SPP is encoded by a family of genes 
(Lunn 2003). Four genes of TaSPP have been identified in wheat (Xue et al. 2008).  
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Fig. 2.4 Simple  schematic figure of the sucrose gene network in plants. SE= Sieve 
element, CC= Companion cell. 
 
 
2.6.2 Sucrose catabolism 
Sucrose catabolism occurs by invertase and sucrose synthase which are dissimilar 
(Koch 2004). The first enzyme that cleaves sucrose is sucrose synthase (SuSy). 
Sucrose synthase occurs in the cell wall and cytoplasm where it catalyses the 
reversible transformation of sucrose and UDP to other forms of sugars namely UDP-
glucose and fructose (Halford et al. 2011) (Fig. 2.4). In wheat, the SuSy enzyme is 
encoded by two types of nonallelic sucrose synthase genes, TaSuS1 and TaSuS2. 
Cleavage by SuSy feeds carbohydrates for metabolism as well as the synthesis of 
complex carbohydrates (Stein and Granot 2019). The activity of SuSy is associated 
with the sink requirement for carbohydrates in depository organs and developing sinks 
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(Pfeiffer and Kutschera 1995). TaSuSy2 has been mapped to chromosome 2, and its 
expression is connected with grain weight as it showed predominant expression during 
grain development (Jiang et al. 2011). 
Invertase or b-fructofuranosidase is the second hydrolysis enzyme and includes many 
families. The role of invertase is to catalyze the irreversible hydrolyzation of sucrose 
to hexose monomers, glucose and fructose (Stein and Granot 2019) (Fig. 2.4). There 
are many invertase isoenzymes which are classified according to their localization, 
solubility and pH optima. They include three kinds of enzymes according to location, 
namely vacuolar (e.g. IVR5), cytoplasmic, and cell wall (e.g. IVR1) (Roitsch and 
González 2004; Saeedipour 2011). In developing grain, a portion of the sucrose is 
hydrolyzed by cell wall and vacuolar invertases to form glucose and fructose. 
Invertases are also present in the apoplast, cytosol, plastids and mitochondria. Notably, 
IVR1 has many isoforms and these have different potentials in influencing sugar 
hydrolysis (Webster et al. 2012).  
2.6.3 Sucrose transport 
2.6.3.1 Transport in the Plant 
As mentioned earlier, sucrose is primarily transported long distance in the sieve 
elements of the phloem. The sieve elements are supported by companion cells which 
supply proteins and energy (Schulz 1998; Turgeon and Wolf 2009). Phloem loading 
occurs either apoplastically or symplastically. In the apoplastic pathway, sugars are 
transferred through the cell wall while in the symplastic pathway sugars are 
translocated through cytoplasmic connections. Sucrose produced in mesophyll cells is 
loaded apoplastically into the sieve element-companion cell complex by sucrose 
transporters for long distance transport or symplastically through plasmodesmata for short 
distance transport (Reidel et al. 2009; Turgeon and Wolf 2009). Studies have 
demonstrated that only sucrose but not hexoses are able to be loaded into the phloem 
(Heineke et al. 1992; Ludewig and Flügge 2013). Apoplastic transport includes active 
sucrose movement crosswise over layers using sucrose transporter (SUT) proteins 
(Sauer 2007). Membrane-localized, energy-dependent, H+-symporting sucrose 
transporters (typically named SUC or SUT proteins for sucrose transporters) are 
responsible for the loading of sucrose in synthesis and sink cell (Kühn and Grof 2010; 
Sauer 2007) (Fig. 2.4).  
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The SUTs are categorized as hydrophobic proteins composed of 12 trans-membrane 
spanning domains. Also, they are situated either in the plasma membrane or tonoplast 
of storage cells (Sauer 2007). Sucrose transporters are small gene families which 
facilitate sucrose transport from the manufacturing tissues (e.g. leaves) to the sink 
tissues (e.g. grain) (Weschke and Weber 2000; Usha et al. 2015). They work 
dominantly in the active transport of sucrose inside and outside of the phloem (Aoki 
2003). In addition to the SUT family, another family has been identified as being 
involved in sucrose transport.  
Chen et al. (2010) characterized SWEETs, and defined it as a family of membrane 
proteins which mediate sugar efflux or influx reliant on substrate concentrations 
across the membrane. In Arabidopsis Chen et al. (2012) reported that SWEET genes 
(AtSWEET11 and AtSWEET12) have important roles in sucrose efflux from 
parenchyma cells to the apoplastic interface and this happens before the loading of 
sucrose to the sieve element-companion cell complex of the phloem in leaf tissue.  
2.6.3.2 Sucrose transporter genes 
Sucrose transporters are integral membrane proteins existing on the plasmalemma of 
phloem cells, and they play a role in the active transport of sucrose across the 
membrane combined with proton transport (Aoki et al. 2002). The expression of SUTs 
genes occurs in the sieve element-companion cells complex and they are involved in 
phloem loading (Weschke and Weber 2000). 
The nomenclature of the SUTs was described by Lemoine (2000) and Sucrose 
Transporter has replaced Sucrose Carrier (SUC) in usage. The naming of SUT genes 
has been based on the  sequence of identification but it has been recommended that 
all grass SUT genes in the future be named by their phylogenetic connections to avoid 
confusion (Braun and Slewinski 2009). For example, the first gene isolated from 
maize was called ZmSUT1 (Aoki et al. 1999). 
2.6.3.3 Sucrose transporters in higher plants 
Sucrose transporters have been identified in many plant taxa. They were first 
identified in spinach and called Sucrose Carrier by isolation and characterization of 
genes by functional expression in yeast ( Riesmeier et al. 1992). Later, the expression 
of sucrose transporter genes was studied in tomato (LeSUT1) and potato (StSUT1): the 
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SUT1 proteins of these plants were located in the plasmalemma of phloem sieve 
elements (Kühn et al. 1997; Kühn et al. 2003; Barker et al. 2000). The genus 
Arabidopsis contains the largest SUT gene family characterized to date (nine SUT-
like genes) (Haritatos et al. 2000). The proteins encoded by AtSUC1–AtSUC5 have 
been characterized as sucrose transporters with similar substrate specificities and 
kinetic properties, while AtSUC8 and ATSUC9 are characterized as pseudogenes 
(Ludwig et al. 2000; Sauer and Stolz 1994; Sauer et al. 2004). The major phloem-
loading sucrose transporters present in source tissue appear to be AtSUC2 
(Arabidopsis), LeSUT1 (tomato), and StSUT1 (potato) in higher plants. Sucrose 
transporters play a significant role in directing the translocation of assimilates from 
source to sink tissues. Sucrose transporters participate in long-distance translocation 
from the green leaf to the grain (Scofield et al. 2007). Later the deposition of starch in 
seeds, which is the main element of yield in cereal crops, is reliant on the supply of 
sucrose from source tissues through the phloem (Deol et al. 2013). Genes encoding 
SUT proteins have been reported in various economic crops which are broadly 
cultivated such as rice, corn, barley and wheat.  
2.6.3.4 Sucrose transporters in the cereals family 
It is well-known that OsSUT1 was identified as the first SUT gene in a monocot 
species and it was from Oryza sativa (rice) (Hirose et al. 1999). OsSUT1 was 
expressed in source tissues such as the leaf blade and leaf sheath while sink tissues 
showed little or no expression before heading. After heading, the transcript was 
observed in panicles, mainly in the endosperm and embryo. Thus, it appears that 
OsSUT1 plays a role in remobilization to the grain as well as sucrose import in the 
grain (Hirose et al. 1999). Aoki et al. (2003) identified another four genes in the Oryza 
sativa family during the development of the rice caryopsis, namely OsSUT2, OsUT3, 
OsSUT4 and OsSUT5. They are mainly expressed during the first stage of caryopsis 
growth. The above study revealed that OsSUT2 may function as a housekeeping gene 
due to it being expressed equally in all tissues examined. These five genes involved 
in transport of sucrose in rice have provided the model for investigating other SUT 
genes in cereals. 
The next sucrose transporter in cereal was barley. In barley, two sucrose transporter 
genes HvSUT1 and HvSUT2 have been identified (Weschke et al. 2000). HvSUT1 is 
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expressed in the caryopsis in cells of the nuclear projection and as well can be 
recognized in the endosperm transfer layer. Therefore, it is hypothesized to play a role 
in grain filling particularly in sucrose transport between the maternal and filial 
generations. During 7-11 days after flowering, HvSUT1 is highly expressed. The 
second gene HvSUT2 is considered to have a general housekeeping function because 
it is expressed in both source and sink tissues (Weschke et al. 2000). 
Zea mays was another cereal plant which research has been done on sucrose 
transporter gene. The first ZmSUT in Zea mays was identified by Aoki et al. (1999) as 
having a role in phloem loading. It is highly expressed in pedicels and green leaf 
blades in contrast to kernels. Expression in photosynthetically active leaf blades was 
positively related to the level of photo-assimilates, demonstrating the function of 
ZmSUT1 in phloem loading (Aoki et al. 1999). Collectively, this information reveals 
that SUT genes are crucial for efficient phloem loading of sucrose in all stages and 
especially during grain filling. Four sucrose transporter genes (ZmSUT1, ZmSUT2, 
ZmSUT4 and ZmSUT5) have been identified by the extensive study of the maize 
genome database and NCBI database using rice OsSUTs as query sequences. Also, 
Usha, et al. (2015) found that ZmSUT1 was highly expressed in both seedling roots 
and leaves. The level of ZmSUT2 expression has shown similar high levels to ZmSUT1 
(Usha et al. 2015). A recent study has revealed that ZmSUT2 was highly expressed in 
a variety of parts and a diurnal cycling pattern of gene expression has been observed 
in leaves (Leach et al. 2017). Moreover, the gene expression levels of ZmSUT4 were 
similar for roots and leaves while in roots ZmSUT5 was more highly expressed (Usha 
et al. 2015). These results suggest that ZmSUT4 may be a housekeeper gene.  
2.6.3.5 Sucrose transporters in wheat 
It is more difficult to isolate SUT genes in wheat because of its large genome 
compared to rice, barely and maize. Two genes have been identified, TaSUT1 and 
TaSUT2 (Aoki et al. 2002; Deol et al. 2012). Three homologue genes TaSUT1A, 
TaSUT1B and TaSUT1D for SUT1 were discovered in hexaploid wheat (Triticum 
aestivum) (Aoki et al. 2002). Each gene has one copy and is located on chromosome 
group 4, namely TaSUT1A, TaSUT1B, and TaSUT1D. These three homologous genes 
are believed to have originated from different sources: TaSUT1D cDNA was found to 
be identical to AtSUT1 on the D genome of Aegilops tauschii; and TaSUT1A and 
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TaSUT1B were assumed by Aoki et al. (2002) to be present in Triticum monococcum 
and Triticum searsii. During grain filling, the expression of these three genes is high, 
demonstrating a good connection with the formative time course of grain development 
(Aoki et al. 2002). TaSUT1 stimulates sucrose uptake into the phloem as well as in 
sink cells (Sauer 2007).The three homologues of TaSUT1 encode slightly different 
proteins in a number of amino acids. There are 522 peptides in both TaSUT1A and 
TaSUT1B while TaSUT1D consists of 523 peptides. The expression of TaSUT1 
usually starts from 8 days after anthesis (DAA) until 32 DAA and the maximum 
expression is reached during this period (Aoki et al. 2002). TaSUT1 has a 
physiological role in the translocation of sucrose for grain growth and starch 
biosynthesis (Aoki et al. 2002). Furthermore, TaSUT1 is also present in vegetative 
tissue in wheat, especially in the plasmalemma of sieve elements. In addition, it occurs 
in phloem companion cells. Also, expression of the three TaSUT1 genes has been 
studied in vegetative tissues including leaf blades, leaf sheath and internode, as well 
as in the developing grain. In addition, it has been proposed that TaSUT1 may also 
function to retrieve sucrose that has leaked into the phloem apoplasm (Aoki et al. 
2004). 
In 2012, a new family of TaSUT2 was identified (Deol et al. 2012). The TaSUT2 
proteins are encoded individually by single-copy homeologous genes, from 
chromosomes 5A, 5B and 5D. Unlike TaSUT1, TaSUT2 differs in the number of 
amino acids which they encode. Both TaSUT2A and TaSUT2B encode a protein with 
506 peptides, whereas TaSUT2D encodes a protein of 508 peptides. In contrast with 
TaSUT1, TaSUT2 is classified to be related to the SUT4 subfamily because it mostly 
has vacuolar membrane SUTs. The results suggest that TaSUT participates in the 
translocation of sucrose through the vacuolar and cytoplasmic cell compartments, in 
source and sink organs. TaSUT2 is located on the tonoplast (Deol et al. 2012). Starch 
accumulation in the grain is strongly influenced by the efficiency of sugar transport 
from the source tissue (the leaf and stem) to the sink tissue (the grain) which is 
mediated by SUT proteins (Deol et al. 2013). 
Finally, little information is available about TaSUT4 and TaSUT5 although Mukherjee 
et al. (2015) identified TaSUT4 and TaSUT5 as new sucrose transporter genes related 
to the wheat gene family in grain. Al-Sheikh Ahmed et al. (2018) identified fourteen 
wheat SUT genes, namely TaSUT1_4A, TaSUT1_4B, TaSUT1_4D; TaSUT2_5A, 
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TaSUT2_5B, TaSUT2_5D; TaSUT3_1A, TaSUT3_1D; TaSUT4_6A, TaSUT4_6B, 
TaSUT4_6D; TaSUT5_2A, TaSUT5_2B, and TaSUT5_2D, and their gene structures 
were analysed based on the homologous OsSUT1-5 genes. Overall, it appears that 
TaSUT1 is the major gene in the wheat family involved in sucrose transport to the 
grain. 
2.7 Fructan 
Fructans are the main component of stem WSC, being a surplus pool when the sucrose 
concentration is over the threshold (Maleux and Van den Ende 2007). Storage fructans 
are believed to be synthesized from sucrose in the central vacuole of plants although 
synthesis in pre-vacuolar vesicles cannot be excluded (Van den Ende and Valluru 
2008). Wheat-type fructans contain both β-(2-1) and β-(2-6) linkages but in stems the 
β-(2-6) linkages predominate (Pollock and Cairns 1991).  
There are three types of fructan synthesizing enzymes involved in wheat metabolism: 
1-SST (sucrose: sucrose 1-fructosyltransferase), 1-FFT (fructan: fructan 1-
fructosyltransferase), and 6-SFT (sucrose: fructan 6-fructosyltransferase) (Gao et al. 
2010; Kawakami and Yoshida 2005; Yoshida et al. 2004). The FEHs degrade fructans 
to sucrose and fructose. There are two types of exo-hydrolases known as 1-FEHs and 
6-FEHs, depending on their specificity for β-(2-1) or β-(2-6) fructosyl linkages (Van 
den Ende et al. 2003; Van Riet et al. 2005; Van Riet et al. 2008; Xue et al. 2008). 
Fructans in wheat are formed generally as the graminan-type compounds.  Bifurcose 
(or 1&6 kestotetraose) is known as a branched fructan and it act as a typical building 
block  (Khan 2019). 
Jeong and Housley (1990) reported that the proximal part of internodes stored fructan 
for a short time. The same study revealed that leaf sheaths have higher concentrations 
of fructan than leaf blades. Many studies have revealed that fructan is the main stem 
WSC and is the main source of stored carbon in grain filling (Kobata et al. 1992; 
Pheloung and Siddique 1991; Schnyder 1993). Donaghy et al. (2008) found that wheat 
fructan can constitute 85% of the total WSC of stem internodes. In addition, fructans 
play a significant role in grain filling especially in recuperation from biotic and abiotic 
stress (Schnyder 1993; Valluru and Van den Ende 2008; Yang and Zhang 2006). 
Under stress such as drought and cold fructans may also function as phloem-mobile 
signalling compounds (Van den Ende 2013). 
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2.8 Glucose and fructose 
Glucose and fructose are the other forms of carbohydrates in the plant that are linked 
to sucrose. Glucose and fructose are connected by means of an α1-β 2-glycosidic bond. 
In brief, the hydrolytic products of sucrose (glucose and fructose) are released during 
sucrose utilization. Sucrose synthase is enzyme which  catalyzes the formation  of 
sucrose from UDP-glucose and fructose by its reverse reaction. On the other hand, 
invertases interpose the irreversible reaction, and this leads to glucose and fructose 
products (Bush 1999; Mukherjee et al. 2015; Ruan 2014). 
Glucose and sucrose are essential to direct plant's formative and physiological 
processes (Koch 1996). The hydrolytic products of sucrose, glucose and fructose, may 
also act as signalling agents (Rolland et al. 2006). For example, glucose and fructose 
accumulate in leaves when plants are subjected to water deficit (Kim et al. 2000; 
Pelleschi et al.1997). 
2.9. Environmental abiotic factors  
2.9.1. Drought 
2.9.1.1 Background 
Drought is an important abiotic environmental factor in the world. The growing 
human population combined with climate change are increasing the pressure on 
freshwater resources and greater requests for ecological protection are having an effect 
on agricultural production (Knox et al. 2016). Nowadays, agricultural scientists are 
more concerned about drought because of climate change and the increasing 
frequency and severity of droughts. Agriculture is suffering the consequences of 
drought, with lost production evident in many grain producing countries (Wilhite and 
Halliday 2007). 
Drought can be defined as an acute or severe reduction of water due to the prolonged 
absence or marked deficiency of rainfall that restricts agricultural, urban or ecological 
water supplies (Nairizi 2017). Drought is considered as one of the major restrictions 
for crop production in the world. Drought stress unfavourably influences the 
physiological, morphological and growth parameters of plants (Loss and Siddique 
1994). 
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Drought can happen at any period during plant growing and development. The impact 
of drought can be expressed at various development stages starting from germination 
and seedling growth to vegetative growth, reproductive growth and finally grain 
development. The effect of water deficit on grain yield depends on the development 
stage that a crop experiences the stress (Kirby and Appleyard 1987; Saini and 
Westgate 1999). 
Along with global warming and climate change, plants are more frequently exposed 
to unfavorable ecological conditions including drought, salinity, low and high 
temperatures. Those stresses cause extreme consequences for growth and 
development (Xu et al. 2014). One of the most important environmental stresses that 
threatens production of wheat globally is drought and improving production under 
drought is a key aim of wheat breeding.  
Production in Australia is highly influenced by environmental factors, especially 
precipitation (see section 2.1). For example, in 2018 mean rainfall was 412.8 mm in 
WA which was 11% below the 1961-1990 average of 465.2 mm, making it Australia’s 
39th driest year since 1900 to the present time. Rainfall was high in north-western 
Australia, but it was low in wheat-growing regions in the southwest of WA, and even 
lower in south-eastern Australia, especially in winter (Bureau of Meteorology 2018) 
(Fig. 2.5). 
Drought during grain filling, terminal drought frequently occurs in the Mediterranean-
type climate of the WA wheatbelt. It is usually accompanied by high temperature and 
high rates of evaporation which intensifies the impacts of water deficit and 
consequently causes severe reduction in crop yield (Siddique et al. 2000). 
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Fig. 2.5 Annual rainfall for 2018 compared to historical rainfall observations. 
2.9.1.2 Drought impact on plants 
Drought is an extreme environmental limitation to plant growth and development. It 
has been reported that drought stress can strongly reduce germination and seedling 
establishment (Kaya et al. 2006) Drought impairs leaf expansion and reduces 
photosynthesis, causing premature leaf senescence and the associated decrease in crop 
yield (Wahid et al. 2005).Furthermore, plants exposed to water deficit have 
substantially reduced relative water content, and decreased leaf water potential and 
transpiration rate (Siddique et al. 2000). Water deficit during anthesis can reduce grain 
yield by 40–55% in pigeon-pea. Similar losses in yield have been reported for cotton 
and lint (Farooq et al. 2009; Pettigrew 2004).  
2.9.1.3 Drought during grain filling 
Due to climate change, terminal drought effects on wheat yields are likely to increase 
in the future (Araus et al. 2002; Oliveira et al. 2013). Drought influences the pool of 
water-soluble carbohydrates available for grain filling which is defined as the last 
phase of development when the fertilized ovaries form into caryopses (Salter and 
Goode 1967). After germination, the reproductive stage is the most sensitive to water 
deficit. If drought occurs before anthesis it will shorten the duration of anthesis, 
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whereas after anthesis grain filling will be reduced in triticale genotypes (Estrada-
Campuzano et al. 2008). 
The final grain weight depends on the length of grain filling time and the grain filling 
rate (Saini and Westgate 1999; Zahedi and Jenner 2003). In the reserve stem 
carbohydrate pools, WSC accounts for 50% of the stem dry weight and this becomes 
a highly important source for grain filling especially when wheat experiences stress 
especially drought (Zhang et al. 2015b). Thus, stem WSC can provide a significant 
contribution to final grain yield under unfavourable environments (Schnyder 1993; 
White and Edward 2007; Yang et al. 2001). The mobilization of stored reserve 
carbohydrates is accelerated to the grain after anthesis during soil drying (Austin et al. 
1980; Yang and Zhang 2006; Yang et al. 2001). During post-anthesis drought stress, 
the storage of WSCs in stems and their remobilization to the grain may affect the 
harvest index (Mir et al. 2012). In wheat, drought has impacts on the duration of grain 
filling besides its impacts on the production of grain. Severe droughts decrease 
development and growth, which inhibits flower production and grain filling and 
results in fewer and smaller grains. Reduction in grain filling could occur because of 
declining assimilates and activities of both starch and sucrose synthesis enzymes 
(Farooq et al. 2009; 2014). For instance, barley under severe drought has a short period 
of grain filling. Drought stress resulted in lower grain harvest by decreasing the 
number of tillers, spikes and grains per plant (Samarah 2005). Moreover, drought 
decreases individual grain weight. Post-anthesis drought stress was unfavourable to 
grain yield regardless of the severity of the stress (Mir et al. 2012). 
Wheat is particularly vulnerable to drought because it is mostly grown in rain-fed 
marginal regions throughout the world (Collins et al. 2008). Also, the reproductive 
and grain-filling stages are very sensitive to water deficit and drought is common in 
Mediterranean climates (Araus et al. 2002; Loss and Siddique 1994; Turner 2004). 
Post-anthesis mild drought can reduce grain yield between 1–30% and prolonged 
water deficit can reduce yield between 58–92%. Terminal drought accelerates leaf 
senescence and reduces carbon fixation and assimilate translocation, and subsequently 
limits grain filling (Asada 2006; Madani et al. 2010; Wei et al. 2010). During early 
grain development, water shortage curtails potential grain size due to reduction in the 
rate and duration of grain filling (Saini and Westgate 1999). Dolferus et al. (2011) 
reported that drought also can reduce grain number. 
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2.9.1.4 Drought and gene expression 
Taiz and Zeiger (2006) reported that grain filling in cereals is a result of starch 
biosynthesis using simple carbohydrates. Four enzymes play key roles in this process: 
starch synthase, sucrose synthase, and adenosine and diphosphate-glucose-
pyrophosphorylases. A reduction in the rate of grain development could result from 
reduced sucrose synthase activity. However, in water-deficit wheat, the cessation of 
growth has resulted from inactivation of adenosine diphosphate-glucose-
pyrophosphorylase (Ahmadi and Baker 2001). In grain filling, the activity of fructan 
exohydrolase (FEH) and sucrose phosphate synthase under water deficit is positively 
associated with non-structural carbohydrates and fructan remobilization (Yang et al. 
2004; Zhang et al. 2009). Furthermore, during grain filling, the activity of sucrose 
synthase decreased sharply in stems during grain filling (Yang et al. 2004). Also, 
drought influences SUT gene expression. For example, expression of TaSUT1 was 
upregulated in stems and grain which revealed a crucial role in stem WSC 
remobilization to the grain (Al-Sheikh Ahmed et al. 2018). In summary, sucrose and 
starch synthesis activities are affected by drought. 
2.9.2 Nitrogen 
2.9.2.1 Background  
In the past fifty years, the utilization of nitrogen (N) fertilizer has greatly improved 
agricultural production and focus has turned to the efficient utilization of N fertilizers 
(Hirel et al. 2007). As the human population expands, the challenge for the following 
decades will be to address the requirements of the expanding population by building 
up a highly productive agricultural system (Smil 1997), while simultaneously 
protecting the environment (Dyson 1999). Hence, farmers are developing specific 
cropping strategies and choosing to use productive genotypes that are able to grow 
under low N conditions (Delmer 2005). Nitrogen fertilizers are also being used to 
optimise grain quality (Waters et al. 2009). Nitrogen is an important macronutrient for 
plant development (Hawkesford 2014) and many studies have revealed that N 
contributes greatly to wheat yield (Marschner 1995; Ortiz-Monasterio et al. 1997)  
Nitrogen fertilization generally increases the protein content of plants, the size of 
leaves, and the synthesis of carbohydrates (Iqtidar et al. 2006). The optimization of 
yield production and nitrogen use efficiency (NUE) is an unpredictable issue and will 
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require an intricate arrangement of answers to accomplish improvement (Hawkesford 
2014; Hirel et al. 2011; Zahoor et al. 2014). 
Nitrogen is essential since it is a main component of chlorophyll, the compound by 
which plants use light to obtain sugars from water and carbon dioxide (i.e., 
photosynthesis) (Muñoz-Huerta et al. 2013). As well, N is an essential component of 
amino acids, the building bases of proteins (Anderson and Garlinge 2000; Leghari et 
al. 2016). Plants need a balanced quantity of N for achieving vigorous growth and 
development. Leghari et al. (2016) mentioned that an optimum rate of N raised 
photosynthetic processes, as well as the production and duration of leaf area and 
finally the net assimilation rate. Nitrogen comprises about 2-3% of the plant overall 
dry matter and, in addition to proteins and photosynthesis, it is an ingredient of nucleic 
acids (Bungard et al. 1999; Iqtidar et al. 2006). Many studies have found that N 
imparts the dark green colour in plants (Sriom et al. 2017; Takebe and Yoneyama 
1989). Nitrogen demand depends on the plant developmental stage and in wheat, peak 
N demand occurs after anthesis when grain filling commences and stops around the 
smooth dough phase (Daigger et al. 1976). The N supply can markedly affect grain 
yield and grain quality.  
2.9.2.2 Nitrogen application 
Cereals utilize only about 30-40% of the N in fertilizer and the rest is lost to the 
environment due to surface run off, soil denitrification and volatilization (Waines and 
Ehdaie 2007). In addition to improved fertilizer management (Hawkesford 2014; 
Raun and Johnson 1999), novel plant genotypes are being sought which have a greater 
ability to produce economic yields with less external N input (Hirel et al. 2007).  
Management of N inputs in wheat production systems is essential in order to reach 
maximum profitable production and at the same time provide the minimum negative 
environmental impact. The optimum amount of N fertilizer differs with soil fertility, 
cropping practice, crop variety and is affected by the prevailing weather conditions. 
For example, Belete et al. ( 2018) used 4 rates of N fertilizer (0, 120, 240 and 360 kg 
ha−1) and found that 360 kg ha-1 was suitable for increasing yield in wheat in Ethoipia.  
A study by Ali et al. (2000) on the response of wheat to nitrogen fertilizer (0, 50, 100 
and 150 kg N ha-1) under field conditions in Pakistan with a Mediterranean climate 
type found that application of 100 and 150 kg N ha-1 produced maximum number of 
tillers, grains per spike and 1000-grain weight. Lloveras et al. (2001) reported that 100 
kg N ha-1 was suitable for bread wheat in an irrigated the Mediterranean environment. 
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Furthermore, Faraj (2011) concluded that the optimum N fertilizer should be 75-100 
kg N ha-1 in south Australia. 
As mentioned earlier, crop yield is influenced by the plant N status. In rice, N is a very 
important nutrient limiting yield (Lin et al. 2006) as N fertilization can increase the 
number of panicles per unit area (Bindra et al. 2000; Laroo and Shivay 2011). In 
canola, N fertilizer elevated seed yield even under diverse challenging conditions 
(Sidlauskas and Tarakanovas 2004). Ahmadi and Bahrani (2009) found that the 
number of branches and pods per plants, as well as seed yield and oil content, were 
positively correlated with the crop’s N status. Seed yield increased significantly with 
100 kg N ha-1 (Kazemeini et al. 2010). 
In Australia, the crop yield potential is the major driver of N requirement. The sandy 
soils in the wheat belt of WA are potentially N deficient and problems of N leaching, 
denitrification, and poor root growth are not uncommon (Anderson and Garlinge 
2000). In Australia, low rates of N fertiliser are usually applied to wheat (McDonald 
1989) because of the cost of fertilizer and the small margins of return from low grain 
yields (2-3 tons ha-1). Anderson and Garlinge (2000) mention that 54 kg of N fertilizer 
is needed in the soil for every ton of grain produced. Also, GRDC (2015a) states that 
wheat crops need around 40-45 kg N ha-1  for each ton of grain produced in WA. 
Finally, the application of N fertilizer varies with location in the world. In the northern 
hemisphere, application of high rates of N fertilizer can reduce grain yield (Wang et 
al. 2011). 
2.9.2.3 Nitrogen and carbohydrates 
Strategies to improve yield can be achieved either by increasing the carbohydrates 
produced in leaves or raising the use of photo-assimilates in sink tissues (Wang et al. 
2015; Sosso et al. 2015). In cereals, N for grain development is remobilized from 
vegetative tissues (Masclaux-Daubresse et al. 2010; Simpson et al. 1983). A portion 
of the N stored in the plant is utilized for structural purposes (Lhuillier-Soundélé etal. 
1999). Barbottin et al. (2005) mentioned that N remobilization efficiency depends on 
growing conditions during the grain filling period and the genotype. A study by Palta 
et al. (1994) revealed that N remobilization was elevated in areas with Mediterranean 
climate, such as in south- west WA where plants suffer from water deficit during grain 
filling. When plants are exposed to N deficiency, plant growth is stunted, grain yield 
is reduced and leaves have higher starch concentrations because of the larger granules 
in the bundle sheath cells (Ning et al. 2018a). Sufficient N and sucrose supplies are 
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essential for maximum dry weight accumulation in maize kernals. Ning et al. (2018a) 
showed that application of N fertilizer to maize at the silking stage increased the 
splitting of sucrose into glucose and fructose and enhanced the synthesis of sucrose 
after silking stage in the kernel leading to an increase in kernal setting and filling. In 
wheat,  N storage is especially  important in region with a Mediterranean climate due 
to grain filling relying on the remobilization of pre-anthesis assimilates (Palta et al., 
1994). 
 2.9.3 Photoperiod and plant development 
The light environment, classified into light intensity, quality and photoperiod, broadly 
affects plant growth and development, and especially photosynthesis (Franklin 2009; 
Neff et al. 2000). Plant growth and development is strongly synchronized with the 
surrounding environment and light is a key factor. The photoperiod is used to regulate 
numerous developmental processes (Whitelam and Halliday 2007). The stored sugars 
in the vacuole are generally accumulated during the day and translocated overnight 
(Martinoia et al. 1987). Stored sugars are remobilized for providing energy to maintain 
metabolism and growth when photosynthesis is restricted (Smith and Stitt 2007). 
Recently, Ning et al. (2018a) reported on diurnal changes of carbohydrates in ear 
leaves of maize. The research found diurnal patterns of sucrose and starch at silking 
and 20 days after silking. Starch amassed through the span of the day peaked at 20:00 
h, and was reduced during the night (Ning et al. 2018a). Other studies have explored 
gene expression during light such as for the sucrose transporter gene. For example, 
the sucrose transporter in tomato showed daytime oscillation with the highest 
expression occurring at the end of the light period (Kühn et al. 1997). StSUT1 and 
StSUT4 show a similar expression pattern with maximal transcript levels in the middle 
of the light period, whereas StSUT2 mRNA peaked at the beginning of the light period 
(Chincinska et al. 2008). In maize, the highest SUT gene expression time was detected 
at 16:30 h (Leach et al. 2017).  
2.10 Conclusions 
Wheat production is strongly influenced by environmental factors. To meet the needs 
of future populations, we need to improve wheat yields under environmental 
constraints. One of these factors is drought which is becoming a more frequent 
problem in cereal producing areas globally. Drought during grain filling reduces grain 
yield. As well, N fertilizer is widely used in the world to increase grain yield. Sugar 
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transporters play an important role in sugar transportation to the developing grain 
particularly under drought. The molecular basis of this transporter gene family is 
complex and involves multiple gene networks. A better understanding of functional 
attributes of the transporters involved in wheat experiencing drought and N fertilizer 
constraints will build a stronger base for improving the breeding programs towards 
improved wheat varieties. The next chapter will explore TaSUT expression in wheat 
in detail. 
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Chapter 3:Overview of gene expression levels of five TaSUT 
groups in wheat shoot parts during grain development 
Abstract 
Sucrose transporters (SUT) play crucial roles in wheat stem water soluble 
carbohydrate (WSC) remobilization to grain. To determine the major functional SUT 
gene groups in shoot parts of wheat during grain development, drought tolerant 
varieties, Westonia and Kauz, were investigated in field drought experiments. 
Fourteen homologous genes to OsSUT1-5 were identified on five homeologous 
groups, namely TaSUT1_4A, TaSUT1_4B, TaSUT1_4D; TaSUT2_5A, TaSUT2_5B, 
TaSUT2_5D; TaSUT3_1A, TaSUT3_1D; TaSUT4_6A, TaSUT4_6B, TaSUT4_6D; 
TaSUT5_2A, TaSUT5_2B, and TaSUT5_2D, and their gene structures were analysed. 
Wheat plants above the ground were harvested from pre-anthesis to grain maturity and 
the stem, leaf sheath, rachis, lemma and developing grain were used for analysing 
TaSUT gene expression. Grain weight, thousand grain weight, kernel number per 
spike, biomass and stem WSC were characterized. The study showed that among the 
five TaSUT groups, TaSUT1 was the predominant sucrose transporting group in all 
organs sampled, and the expression was particularly high in the developing grain. In 
contrast to TaSUT1, the gene expression levels of TaSUT2, TaSUT3 and TaSUT4 were 
lower, except for TaSUT3 which showed preferential expression in the lemma before 
anthesis. The TaSUT5 gene group was very weakly expressed in all tissues. The 
upregulated gene expression of TaSUT1 Westonia type in stem and grain reveal a 
crucial role in stem WSC remobilization to grain under drought. The high TaSUT1 
gene expression and the significant correlations with thousand grain weight (TGW) 
and kernel number per spike demonstrated the contribution in Kauz’s high grain yield 
in an irrigated environment and high TGW in Westonia under drought stress. Further 
molecular level identification is required for gene marker development.  
Note: this part of thesis was published in Plant Molecular Biology 98:333–347 
https://doi.org/10.1007/s11103-018-0782-1 (Appendix 1). 
3.1 Introduction 
In wheat, grain filling is a key phase of development that is reliant on carbohydrate 
supply from photosynthesis in green leaves as well as from reserve carbohydrate pools, 
mainly in stems, that have accumulated during vegetative and early reproductive 
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growth (Kobata et al. 1992; Pheloung and Siddique 1991). Stem water soluble 
carbohydrates (WSC) can account for 50% of the stem dry weight, and this becomes 
a highly important source for grain filling especially when wheat is exposed to stress 
(Zhang et al. 2015). Under unfavourable environments, stem WSC provides a major 
contribution to final grain yield (Schnyder 1993; Yang et al. 2001). Sucrose is the 
main form of carbohydrate translocated from the source to sinks such as seeds and 
roots (Ruan 2012). Thus, sucrose transport to the grain is a critical determinant for 
harvest yield and grain quality (Halford et al. 2011). 
Three sugar transporter families have been reported, namely, monosaccharide 
transporters (MSTs), sucrose transporters (SUTs), and hexose and sucrose 
transporters (SWEETs) (Eom et al. 2015). Sucrose accumulation and degradation are 
closely linked with the gene expression levels of sucrose associated genes which 
include both metabolic pathways and membrane transport (Mizuno et al. 2018). Sugar 
transporter genes contribute more to sugar accumulation than sugar metabolism genes 
(Wang et al. 2016). The distribution of sucrose is dependent on the expression of a 
number of sucrose transporters (SUT) which play active roles in phloem loading and 
unloading of sucrose (Aoki et al. 2004; Hirose et al. 1997; Rosche et al. 2002).  
 
So far, the cereal SUT family has been detected in rice, barley, maize and wheat (see 
below). OsSUT1 was first identified by Hirose et al. (1997) in rice and was highly 
expressed in the leaf blade and leaf sheath before heading, and in the panicle after 
heading. Rice contains four additional SUT genes OsSUT2, OsSUT3, OsSUT4 and 
OsSUT5 which are differentially expressed in parts of the shoot and developing grain, 
and this suggests that the SUT family multi-functions in translocation of sucrose (Aoki 
et al. 2003). In transgenic rice, AtSUC2 plants had up to 16% increased grain yield 
(Wang et al. 2015). In barley, HvSUT1 is preferentialy expressed in the developing 
grain at sites where sucrose exchange occurs whereas HvSUT2 is expressed widely in 
both source and sink tissues (Weschke et al. 2000) indicating that HvSUT1 and 
HvSUT2 play different roles in grain filling. Two SUTs have been identified in maize, 
ZmSUT1 in vegetative tissues of source organs (Aoki et al. 1999) and ZmSUT2 in the 
developing tassel, stem and leaves (Leach et al. 2017). Furthermore, ZmSUT2 plays a 
role in sucrose remobilization from the vacuole for leaf growth (Leach et al. 2017).  
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To our knowledge, information for SUT gene regulation is very limited. Recent 
research investigated the expression of a number of SUT genes in seedlings of nine 
species under different abiotic stress conditions (Xu et al. 2018). In their study, 
OsSUT1, HvSUT1, ZmSUT1 and TaSUT1 were all highly up-regulated while other 
SUT genes studied were down regulated under drought. These results did not show 
consistency with the findings in a SUT gene study in rice where OsSUT2 was up-
regulated under drought and salinity treatments indicated that OsSUT2 may play an 
important role in tolerance to abiotic stress in rice (Ibraheem et al. 2011). Seedling 
materials were used in both studies. Whether SUT gene expression is impacted by 
drought during grain filling in wheat has not been investigated to date. In wheat, four 
SUTs have been reported (Aoki et al. 2002, 2004; Deol et al. 2013; Mukherjee et al. 
2015). TaSUT1 is expressed in the developing grain 8–32 days after anthesis (DAA), 
and in leaf and stem tissues from 4 days before heading to 16 days after heading (Aoki 
et al. 2002).  
 Aoki et al. (2002, 2004) suggested that TaSUT1 participated in grain growth and 
starch biosynthesis because of the capability of moving sucrose to the developing 
grain. Unlike TaSUT1, TaSUT2 is expressed almost equally across vegetative tissues 
(flag leaf blade and sheath, peduncle, glume, palea and lemma at 8–30 DAA) and the 
grain (5–30 DAA) (Deol et al. 2013). These researchers proposed that TaSUT2 is a 
housekeeping gene similar to OsSUT2 and HvSUT2. Later, Mukherjee et al. (2015) 
detected the expression of TaSUT1, TaSUT2, TaSUT4 and TaSUT5 at all stages of 
grain development between 4 and 30 DAA. The higher expression of TaSUT1 between 
8 and 25 DAA indicates the important role of TaSUT1 for the developing grain. 
However, there is no information on TaSUT3 presence or function in wheat. Moreover, 
there is very limited information for SUT gene regulation in stem WSC remobilization 
during grain filling under drought. Therefore, the aim of this study was to determine 
the structure of the SUT1-5 genes in wheat AA, BB and DD genomes, and to 
determine any differential SUT gene expression in the shoot (stem, sheath, rachis and 
lemma) and grain during grain filling under irrigated and drought field environments. 
3.2 Materials and methods 
3.2.1 Plant materials 
Wheat varieties, Westonia and Kauz, were used in this study. Westonia is a local 
wheat variety categorized as early to mid-season maturity with high stem WSC levels 
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(40% of dry weight) (Zhang et al. 2009) and high yielding in medium and low rainfall 
areas of Western Australia. Kauz is a variety from the International Maize and Wheat 
Improvement Center (CIMMYT, EI Batan, Mexico) (Butler et al. 2005) and is 
considered a drought tolerant variety with high levels of stem WSC. There were one 
day differences in anthesis between Westonia and Kauz  in this experiment. 
3.2.2 Field experiments 
For further investigating stem WSC remobilization to grain, a field drought 
experiment was undertaken in Merredin (31.5° S, 118.3° E), Western Australian in 
2014. For matching up the terminal drought environment, seeds of Westonia and Kauz 
were randomly sown in three replicates on the 4th of July. The plot size was 1 × 5 m. 
Neutron pressure bombs (1.5 m depth under surface) were used for soil moisture 
measurements. The soil type was sandy loam. 
The recorded data at 10, 30 and 50 cm depth are presented (Fig. Appendix 2). Apart 
from the rainfall, for the irrigation treatment, a total of 30 mm of water was added on 
the 19th and 26th of September in 2014, respectively. There was only 16 mm of 
rainfall in August 2014 (Fig. Appendix 2). The average plant anthesis time was on the 
21st of September. 
Plants under irrigation briefly suffered some water stress until 10 days after anthesis 
(Appendix 2), after which there were significant differences in soil moisture between 
the drought and irrigated treatments at 10 and 30 cm depth (Appendix 2). The stem 
(sheath included) materials of Westonia and Kauz, obtained from previous field 
drought experiments undertaken in 2011, were used for RNA-seq analysis. Details of 
the 2011 field drought experiments were described in our previous study (Zhang et al. 
2015). 
3.2.3 Plant harvest 
Plant samples were taken from irrigated and drought research trials. Four main stems 
from each plot were sampled weekly from 4 days before anthesis to 38 days after 
anthesis and immediately placed on dry ice. Sample handling was as previously 
described (Zhang et al. 2015). The stem, sheath, rachis and lemma of the four main 
stems were manually partitioned into parts over dry ice in a 4 °C room and analysed 
at -4, 3, 12, 19, 25 and 31 DAA while the grain was collected at 12, 19, 25, 31 and 38 
DAA. At harvesting time, plants in one square meter area of each plot were harvested. 
The plant biomass, thousand grain weight (TGW), kernel number per spike and grain 
weight per spike were recorded. 
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3.2.4 Carbohydrate analysis 
The WSC from the stem (sheath included) were extracted using boiling deionized 
water and quantified by colorimetry using the anthrone reagent (Fales 1951; Yemm 
and Willis 1954). The details were described in our previous study (Zhang et al. 2008). 
3.2.5 Primer design and sequencing 
Specific primers (Table 3.1) for each SUT gene family (Fig. 3.2a) were designed. First, 
differences at the amino acid sequence level in rice were targeted, followed by primer 
design at the DNA level in these regions for the specific SUT gene family in wheat 
(Fig. 3.2b). The fragment size for each quantitative product was approximately 100 
bp. The fragments were sequenced, and this validated that the PCR products 
represented each SUT gene family in wheat. 
Table 3.1 Primers used for RT-PCR in each TaSUT 1–5 gene families. 
 
3.2.6 RNA extraction and semi‑qRT‑PCR 
Total RNA was extracted from frozen stem, sheath, rachis, and lemma using a 
combined protocol of Trizol and RNeasy (Invitrogen, Carlsbad, CA and Qiagen, 
Victoria, Australia) (Zhang et al. 2008). The seed extraction protocol was modified 
by using buffer to remove starch before transferring the RNA solution to the column. 
The purified RNA was measured by nanodrop. The RNA was detected by running on 
1.5% agarose gel electrophoresis.  
A total of 200 ng of RNA for each sample was used for cDNA reverse transcription. 
The PCR analyses followed the protocol from Xin’s paper (Xin et al. 2003). The PCR 
Primer 
name 
Forward Sequence Reverse sequence 
TaSUT1  TAGGATTCTGGCTCCTTGAC GCCATCCAAGAACAGAAGATT 
TaSUT2 TACGGAGTCCTGCTCTGTCA CTCGTCGCTTCCGAAAGTA 
TaSUT3 GGCTGTATTCAAGGGCCTAA GGTGTCGAAGAGGATGAA 
TaSUT4  CTGGATGCTGGACCTTGCA TTGCCGAATTACATTGATC 
TaSUT5 TCCTGGTTCCTCGACTTCGC CCATCCAGAGGCAGAAGAC 
GAPDH CGAAGCCAGCAACCTATGAT CGAAGCCAGCAACCTATGAT 
34 
 
reactions were repeated twice to ensure reproducibility and the cytosolic 
glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) transcript levels from the 
same organ samples were used as an internal standard (Zhang et al. 2009). Quantity 
One 1-D analysis software (BIO-RAD) was used for quantifying the relative 
concentration of PCR fragments.1 
3.2.7 Real time PCR 
Quantitative Reverse Transcription-PCR (qRT-PCR) was carried out using the 
Corbert Rotor-Gene RG-3000 (Corbett Research, Queensland, Australia) as described 
previously (Zhang et al. 2009). The gene expression levels were normalized against 
cytosolic GAPDH transcript levels (Wang et al. 2010). Gene expression was 
quantified using a standard Relative Standard Curve Method (as recommended by 
Corbett Research). 
3.2.8 RNA‑seq 
RNA extracted from the main stem (sheath included) in the 2011 field drought 
experiments was used for RNA-seq analysis (Zhang et al. 2015). Three biological 
replicates of RNA extracts were used to generate libraries with the Illumina TruSeq 
RNA v2 protocol and then sequenced using the Illumina HiSeq platform (100 bp 
paired end reads) at the Australian Genome Research Facility using standard protocols.  
The sequence data was generated by the Illumina CASAVA1.8 pipeline. FastQC was 
used to check data quality and low quality reads were trimmed. Sequences were then 
aligned to the complete CDS contigs from the wheat sequencing consortium 
(https ://www.wheat genome.org/) using Biokanga (version 3.4.2). Differential 
expression analysis was carried out using DEseq (Anders and Huber 2010) (version 
1.12.1) and edgeR (Robinson et al. 2010) (version 3.2.4, Robinson et al. 2010). Gene 
expression normalization was made using model-based scaling normalization or 
Trimmed Mean of M-values (TMM). 
3.2.9 Database search and sequence alignment 
Gene sequences for OsSUT1, OsSUT2, OsSUT3, OsSUT4 and OsSUT5 were obtained 
from National Centre for Biotechnology Information (http://WWW.ncbi.nlm.nih. gov) 
sequence database. The gene similarities are shown in Fig. 3.2a. The protein 
sequences were used as criteria to search closely related enzymes from wheat 
(http://plant s.ensembl.org/index .html). The gene structures were identified according 
to the alignments of the respective OsSUT gene sequences. Amplified DNA sequences 
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of the genes were examined, edited and multiple alignments performed using SeqED 
V.1.0.3. 
3.2.10 Statistical analysis 
Multivariate analysis of variance (MANOVA) was used to analyse the phenotype data 
using the general linear model implemented in PASW v 17 (California State 
University Information Services, Los Angeles, USA). Wilks Lambda was used as the 
multivariate test statistic. Post hoc Tukey’s Multiple Range tests were used to detect 
the significant groupings. The Pearson correlation significance level was determined 
by bivariate analysis in PASW v 17. 
3.3 Results 
 
3.3.1 Drought tolerant varieties achieved by different mechanisms 
 
Previously, the stem WSC remobilization to grain under drought has been studied and 
the 1-FEH w3 gene was identified as a major gene involved in stem fructan 
degradation and the 1-FEH w3 Westonia allele contributed to high stem WSC 
remobilization efficiency to grain under terminal drought conditions. Kauz is also a 
drought tolerant variety with significantly higher grain number per spike compared to 
Westonia. Under irrigated and some drought conditions, the grain weight for both 
varieties did not show significant differences. 
The phenotype shows that Westonia and Kauz had different mechanisms to achieve 
high yield under drought. In the 2014 late sowing trial, based on the harvest data of 1 
m2 plots, the drought stress significantly reduced the final grain yield in both varieties 
and the total above ground biomass in Kauz. The GW of Kauz was relatively higher 
than that of Westonia (Fig. 3.1a) although there were no significant changes between 
varieties under both drought and irrigated conditions.  
Similar to previous results, Kauz showed higher kernel number per spike whereas 
Westonia remained a higher TGW (Fig. 3.1b). In the current experiment, Kauz 
showed slightly higher levels of stem WSC at 12 and 19 DAA compared with 
Westonia (Fig. 3.1c). The sequence of different levels of stem WSC between varieties 
at 19 DAA coincided with the comparison results of the final grain yield. Previous 
results established that 1-FEH w3 Westonia  was one of the major contributors for 
high efficiency of stem WSC remobilization due to the speed of fructan degradation 
(Zhang et al. 2015). The high GW and stem WSC level in Kauz indicate that there 
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should be other mechanisms in the process of stem WSC remobilization for Kauz to 
achieve high GW under drought and irrigated conditions. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 The grain yield and biomass in 1 m2 (a) and the core phenotypes per main 
stem (b) and the association with main stem WSC (c) in wheat Triticum aestivum L. 
varieties: Westonia, Kauz under irrigated (closed bars and symbols) and drought 
conditions (open bars and symbols) in 2014. The core phenotypes, including grain 
weight (GW) per spike, TGW and kernel number per spike (KN). The vertical bars 
represent SE. Values with the same letter are statistically not different at P = 0.05. DW 
=dry weight 
 
3.3.2 TaSUT1‑5 gene structures 
To classify wheat SUTs, Rice SUTs were used as anchors. Based on a similarity the 
amino acid sequence level to five SUTs in rice (Fig.3.2). 
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Fig. 3.2 Phylogenetic analysis (a) and multiple alignment (b) of rice SUT 1–5 genes. 
The primers used for RT-PCR in each wheat SUT gene family are indicated. 
Rice SUT2 BGIOSGA035748
Rice SUT1 BGIOSGA011365
Rice SUT3 BGIOSGA032879
Rice SUT4 BGIOSGA009335
Rice SUT5 BGIOSGA006190
(a)
(b)
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five groups of wheat SUTs (TaSUT1, TaSUT2, TaSUT3, TaSUT4 and TaSUT5) were 
identified. As previously described (Aoki et al. 2002), the TaSUT1 wheat group, 
including TaSUT1A, TaSUT1B, and TaSUT1D located on chromosome 4A, 4B and 
4D, grouped together with OsSUT1 (Fig. 3.3).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 Phylogenetic analysis of wheat SUT 1–5 isoforms in the AA, BB and DD 
genomes, alongside the rice SUT 1–5 genes. The numbers of each gene isoform are 
given. 
 
 The rice SUT1 gene shows 14 exons and 13 introns while in the wheat genome, 
TaSUT1 group members show 13 exons and 12 introns (Fig. 3.4a). Unlike in rice 
(Aoki et al. 2002), the last two exons in SUT1 were not split in wheat. As previously 
reported (Deol et al. 2013), the TaSUT2 group including TaSUT2A, TaSUT2B and 
TaSUT2D located on chromosome 5A, 5B and 5D (Fig. 3.4b) was similar to OsSUT2.  
In rice, OsSUT2 included six exons and five introns, whereas the TaSUT2 family had 
five exons and four introns. Among the five SUT genes in rice, OsSUT3 was the largest 
gene being 9.8 kb. It included 12 exons and 11 introns (Fig. 3.4c).  
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Most likely, the homologue genes (TaSUT3 group) to OsSUT3 in wheat are located 
on chromosome 1A and 1D (Figs. 3, 4c).TaSUT3 had 11 exons and 10 introns. 
TaSUT3_1A had 47 kb and TaSUT3_1D had 34 kb. The homologous gene in 1B was 
not identified.  
Similar to OsSUT1, the OsSUT4 gene had 14 exons and 13 introns (Fig. 4d). 
Correspondingly, the homologue gene family in wheat (TaSUT4 group) also had 14 
exons and 13 introns and were located on 6A, 6B and 6D (Figs. 3.3and 3.4d). 
TaSUT4_6BL had the longest intron 1 among these three isoforms of TaSUT4. 
 OsSUT5 had 13 exons and 12 introns. In wheat, the most identical genes to OsSUT5 
were located on 2A, 2B and 2D (Figs. 3.3 and 3. 4e). TaSUT5 group showed nine 
exons and eight introns. Exons 4, 5 and 6 in OsSUT5 appeared to be combined as exon 
4 in TaSUT5; similarly, exons 8 and 9 combined to exon 6, and exons 11 and 12 
combined to exon 8 in TaSUT5, respectively. 
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Fig. 3.4 Gene structures of 14 homologous genes to OsSUT1-5 on 5 homeologous 
groups, namely a TaSUT1_4A, TaSUT1_4B, TaSUT1_4D; b TaSUT2_5A, 
TaSUT2_5B, TaSUT2_5D; c TaSUT3_1A, TaSUT3_1D; d TaSUT4_6A, TaSUT4_6B, 
TaSUT4_6D; e TaSUT5_2A, TaSUT5_2B, and TaSUT5_2D, in wheat AA, BB and 
DD genomes, respectively. The length of exons (boxes) and introns (lines) are 
indicated. The untranslated regions are indicated (white boxes). 
 
(a)
(b)
(c)
(d)
(e)
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3.3.3 Different gene expression levels of TaSUT1–5 in shoot parts 
 
For identifying the gene functions of the five SUT gene families in wheat, the gene 
expression levels of each SUT gene family in different organ samples during the grain 
filling period were investigated. Five specific pairs of primers to each of the five SUT 
gene groups located in a conserved sequence region within the group were used for 
gene expression.  
In the stem, among these five SUT gene groups, TaSUT1,TaSUT2 and TaSUT3 
showed higher gene expression levels relative to TaSUT4 and TaSUT5 (Fig. 3.5a, f). 
The transcript fragment of TaSUT5 was not visible while that of TaSUT4 was evident 
at 3, 12, 19 and 31 DAA. TaSUT1 had consistently high expression levels compared 
to the other SUTs in the stems during grain filling (Fig. 3.5a, f). By contrast, TaSUT2, 
TaSUT3 and TaSUT4 tended to be expressed more in the middle grain filling period 
(Fig.3.5a, f). The expression levels of TaSUT2 and TaSUT4 were markedly reduced 
at 25DAA (Fig. 3.5f). Overall, these results present strong evidence that TaSUT1 is 
predominant in wheat stems. 
As the sheath is the major organ for sucrose transportation from the leaf blade (carbon 
source) to the stem, sheath SUT gene expression was investigated. TaSUT1, TaSUT2 
and TaSUT4 showed consistent expression levels across all sampling times and 
TaSUT1 and TaSUT2 were most strongly expressed overall. Similar to the stem, the 
highest gene expression of TaSUT3 occurred at 12 DAA, whereas gene expression of 
TaSUT5 was not detectable during the measurement period (Fig. 3.5b, f). 
The rachis is the closest organ to the spikelets. As in the stem and sheath, the gene 
expression levels of TaSUT1 in the rachis were very pronounced and consistent across 
the sampling period. TaSUT3 also showed relatively high expression level to TaSUT1 
before 19 DAA, whereas TaSUT2 was expressed strongly up to 12 DAA (Fig. 3.5c, 
f). TaSUT4 showed consistent low expression levels during grain filling, and TaSUT5 
was not detected. 
The lemma is the second closest photosynthetic organ to the developing grain. During 
the early stage of grain filling, the lemma probably is a carbon source for seed 
development. During the period of grain filling, the predominant gene expression level 
of TaSUT1 in the lemma was similar to that in other organs. Unlike the stem, sheath, 
and rachis, TaSUT3 was highly expressed at 4 days before anthesis (DBA) (heading) 
and only weekly expressed after anthesis. TaSUT2 was highly expressed before 19 
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DAA as compared to TaSUT4, and the expression was greatly reduced at 25 DAA 
(Fig. 3.5d, f). The expression levels of TaSUT4 were consistent through the sampling 
time but at relatively low levels. TaSUT5 was not detected in the lemma. 
 
During grain development, cell metabolism and rapid starch accumulation requires 
continued sucrose supply. Different from the other organs above, TaSUT1 gene 
expression levels were much more outstanding in grains (e.g. compare SUT1 to 
GAPDH expression in Fig. 3.5a–e) during all growth stages while the other SUT gene 
groups were poorly expressed (Fig. 3.5e, f). The TaSUT2 and TaSUT4 groups showed 
consistent gene expression levels whereas the expression of TaSUT3 was only 
noticeable at 12 DAA (Fig. 3.5e). Gene expression levels of TaSUT5 were detected at 
25 and 31 DAA although the levels were very weak. 
The gene expression levels of individual gene isoforms of SUT gene groups were 
revealed in an RNAseq analysis using stem tissues from the 2011 drought experiments 
(Fig. 3.6). Overall, SUT1 gene group exhibited the highest gene expression level 
among the five SUT gene groups (SUT5 group was not detect in the experiment). On 
average, SUT1_4D expression level was 12 and 49% higher than SUT1_4A and 
SUT1_4B, respectively (Fig. 3.6a). Interestingly, SUT1 gene Westonia  was 
upregulated at 20 DAA under drought whereas there was no change in Kauz (Fig. 
3.6a). At 30 DAA, SUT1_4D of both varieties had significantly higher gene 
expression levels under drought compared to irrigated plots. 
Relative to SUT1 genes, the expression levels of SUT2 gene group was 2.5 to six folds 
lower (Fig. 3.6b). Among the three isoforms of TaSUT2 genes, the gene expression 
levels of TaSUT2_5D was 2 and 3 times higher than TaSUT2_5A and TaSUT2_5B, 
respectively. Only SUT3_1D gave gene expression readings while SUT3_1A was not 
detected (Fig. 3.6c). The gene expression levels of TaSUT3_1D were almost ten folds 
lower compared to the SUT1 gene group, and no difference was evident between 
varieties and treatments. The gene expression levels of SUT4 group was as low as the 
levels of SUT3_1D (Fig. 3.6d). There was a slight difference in SUT4 gene expression 
between varieties. The SUT4 gene in Kauz was expressed at a slightly higher level 
under irrigated conditions compared to drought while SUT4_6B in Westonia was the 
opposite. 
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Fig. 3.5 SUT gene expression patterns in different wheat tissues: stem (a), sheath (b), 
rachis (c), lemma (d) from 4 days before anthesis to 31 DAA, and developing grain 
(e) from 12 to 38 DAA with weekly samplings. The normalized gene expression (f) 
against the GAPDH standard. -C: negative control without cDNA template. 
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3.3.4 Genotypic variations in SUT1 gene expression and grain assimilation 
 
The results of the semi-qRT-PCR and RNA-seq above revealed that SUT1 was the 
predominant sucrose transporter in all tissues analysed in Westonia under irrigation. 
In parallel, the five SUT gene families were examined in Kauz under the same irrigated 
condition (data not shown). The significant high levels of SUT1 gene expression were 
also present in semi-qRT-PCR results. Therefore, for further investigating the roles of 
SUT1 gene in the stem WSC remobilization system, materials from the drought 
experiments in 2014 were used for qRT-PCR study. Since the wheat stem is the major 
carbon source for grain filling, stem (sheath included) and grain were examined in this 
study. 
In the stem, SUT1 gene expression was higher in Kauz than in Westonia at 19 DAA 
under drought treatment (Fig. 3.7a). Nevertheless, under the same treatment, the 
reverse results appeared at 25 DAA. Greater expression level was detected in 
Westonia while it was significantly repressed in Kauz under drought. Under irrigation, 
the SUT1 gene expression of Kauz increased significantly at 25 DAA whereas it 
remained unchanged in Westonia. 
In grain, the SUT1 gene expression level in Kauz increased to a significantly high 
level under irrigation at 25 DAA and was retained at 31 DAA, while it increased 
gradually until 31 DAA then declined under drought (Fig. 3.7b). Different patterns 
were found in Westonia. Under drought, SUT1 gene expression was upregulated to a 
high level at 25 DAA then maintained at the same level whereas under irrigation the 
level increased later (31 DAA). Overall, SUT1 gene expression in the grain was 1.5 to 
two folds higher than that in the stem, and in Kauz. It was greater than that in Westonia 
under irrigation. 
In Westonia, the grain weight of the main spike highly increased under drought 
compared with the irrigated treatment and the SUT1 gene was upregulated at 25 DAA. 
On the other hand, in Kauz, the peak value of GW was at 31 DAA and the SUT1 gene 
expression level was maintained on a high plateau for 2 weeks in irrigated plants (Fig. 
3.7c). The patterns of TGW were similar to the GW in both varieties and treatments. 
Meanwhile, the KN of Kauz was significantly higher under irrigation than under 
drought while it was similar between treatments in Westonia (Fig. 3.7d, e). 
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Fig.3.7 The normalized gene expression patterns of SUT1 in stem (a) and grain (b), 
and the patterns of the grain assimilation (c), TGW (d) and kernel number per spike 
(e) in Westonia and Kauz under drought (open circle) and irrigated (closed circle) 
treatments. The normalized gene expression is against the GAPDH standard. The 
vertical bars represent SE. Values with the same letter are statistically not different at 
P = 0.0 
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< 0.01) and 0.27* (P < 0.01) for GW and TGW, respectively. No correlation was 
detected in KN under irrigation (Fig. 3.8a, c, e).  
 
In contrast, higher correlations were observed in irrigated Kauz plants. For example, 
the correlations between the levels of SUT1 gene expression and GW, TGW and KN 
were 0.77** (P < 0.01), 0.81** (P < 0.01), 0.55** (P < 0.01) under irrigation in Kauz, 
compared to 0.55** (P < 0.01), 0.61** (P < 0.01) and 0.29* (P < 0.05), respectively, 
under drought (Fig. 3.8b, d, f) 
 
Fig. 3.8 The correlations of grain TaSUT1 gene expression levels with a, b GW, c, d 
TGW and e, f KN per spike in the main stem between 12 and 38 DAA in Westonia 
and Kauz, respectively, under irrigated (closed circles and solid line) and drought 
(open circles and dot line) conditions 
 
0
50
100
150
200
250
0 0.5 1 1.5 2
N
o
r
m
a
li
z
e
d
 
g
e
n
e
 e
x
p
r
e
s
s
io
n
 
GW per main spike (g)
Westonia
Rd
2=0.62**
Rw
2=0.35*
0
50
100
150
200
250
0.00 20.00 40.00
TGW (g)
Westonia
Rw
2=0.27*
Rd
2=0.63**
0
50
100
150
200
250
0 20 40 60
KN per main spike
Westonia
Rw
2=0
Rd
2=0.31*
0
50
100
150
200
250
0 0.5 1 1.5 2
N
o
r
m
a
li
z
e
d
 
g
e
n
e
 e
x
p
r
e
s
s
io
n
 
GW per main spike (g)
Kauz
Rw
2=0.77**
Rd
2=0.55**
0
50
100
150
200
250
0.00 20.00 40.00
TGW (g)
Kauz
Rw
2=0.81**
Rd
2=0.61**
0
50
100
150
200
250
0 20 40 60
KN per main spike
Kauz
Rd
2=0.29*
Rw
2=0.55**
c 
d 
a 
e 
b f 
48 
 
3.4 Discussion  
3.4.1 New sucrose transporter genes revealed in wheat 
The homologous genes and partial cDNA sequences of the rice SUT genes (Aoki et al. 
2003) were located in wheat in public databases and the corresponding SUT gene 
families, named TaSUT1, 2, 3, 4 and 5, were identified. This is the first study to 
identify the gene structures of TaSUT3, 4 and 5 in wheat while TaSUT1 and 2 have 
been described previously (Aoki et al. 2002; Deol et al. 2013). 
3.4.2 Main contributor—TaSUT1  
Among the SUT gene family, the SUT1 gene function was essential in phloem loading 
and storage uptake (Wang et al. 2016). In our semi-qRT-PCR experiments, we 
examined stem, leaf sheath, rachis, lemma, and grain during grain filling time with 
GAPDH as the internal standard. TaSUT1 showed consistent high expression levels 
in all sampled organs and across all growth stages from pre-anthesis to grain maturity, 
and the expression was particularly high in developing grain.  
The RNA-seq results in stems under drought and irrigated treatments enabled 
individual gene expression patterns of each isoform of four SUT gene families (no 
information was obtained for the SUT5 group due to very low signals) to be obtained. 
The results provide further evidence of the importance of the SUT1 gene group in 
wheat development. In rice, high expression of OsSUT1 was observed in the leaf blade 
and leaf sheath before anthesis, and in developing grains until 15 DAA (Hirose et al. 
1999; Aoki et al. 2003). In barley, HvSUT1, the homologous gene to OsSUT1, showed 
similar high expression patterns to OsSUT1 during grain development (Weschke et al. 
2000). In maize, ZmSUT1 was highly expressed in the seedling root and leaf (Usha 
et al. 2015). The high transcription level of TaSUT1 was also found in wheat grain in 
glasshouse experiments (Mukherjee et al. 2015).  
Our qRT-PCR results further confirmed the high gene expression level of TaSUT1 in 
developing grain in comparison to the stem. This indicates the important function of 
TaSUT1 in sucrose transportation. In rice, antisense RNA repression of OsSUT1 did 
not influence plant growth, photosynthesis, or carbohydrate assimilation, indicating 
that OsSUT1 seriously affected grain yield, but it may not be essential for sucrose 
loading into the phloem (Ishimaru et al. 2001; Scofield et al. 2002). In contrast, a 
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mutation of ZmSUT1 resulted in a defective phenotype in which leaves accumulated 
leaf carbohydrates and senesced early, flowering was delayed and plants were reduced 
in height (Slewinski et al. 2009). The decreased sucrose export from the leaves of the 
mutated Zmsut1 plants indicated that the ZmSUT1 gene functions in phloem loading 
in mature leaves (Slewinski et al. 2009). Taken together, these results suggest that the 
homologous family of the SUT1 gene may have different functions in different cereal 
species.  
In barley, the HvSUT1 is mainly localized in the endospermal transfer layer and the 
cells of the nucellar projections that serve as sites of sucrose exchange between the 
maternal and the filial organs (Weschke et al. 2000). The high gene expression level 
of TaSUT1 in developing wheat grain may mirror the function of HvSUT1 in barley 
because wheat and barley are genetically close species and the SUT1 gene functions 
are more likely similar in those crops. 
3.4.3 The second contributor—TaSUT2  
Compared with TaSUT1, the gene expression level of TaSUT2 was lower in the stem, 
sheath, rachis, and developing grain across the whole sampling period. The RNA-seq 
results showed that the TaSUT2 gene expression was 2.5 to six folds lower relative to 
the TaSUT1 family in the stem. In the study of Deol et al. (2013), TaSUT2 expression 
was very low in grain (1.4 unit), about 2 and 3 units in the peduncle and sheath, 
respectively, and ranged from 3 to 5 units in the lemma (Deol et al. 2013). Except for 
the functional flag leaf (8–10 units), the TaSUT2 gene expression levels in the lemma 
were the highest of the plant parts measured (Deol et al. 2013). Similar results were 
found in barley, where HvSUT2 gene expression level was 25% less than that of 
HvSUT1 before 15 DAA in developing grain (Weschke et al. 2000). In maize leaves, 
the expression level of ZmSUT2 showed similar high levels to ZmSUT1 (Usha et al. 
2015).  
Recently, Leach et al. (2017) revealed that ZmSUT2 is highly expressed in a range of 
tissues and a diurnal cycling pattern of gene expression was observed in leaves. In rice, 
OsSUT2 is located in leaf tonoplasts (Eom et al. 2011). Deol et al. (2013) suggest that 
the localized expression in mesophyll cells indicates an intracellular translocation 
function. The high expressing level in the flag leaf during early grain filling in 
previous studies, and the relatively high gene expression levels as compared to 
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TaSUT3 and TaSUT4 in the stem, sheath, rachis, and lemma in our study, suggesting 
that the TaSUT2 gene may compensate TaSUT1 function in sucrose loading and 
unloading. In rice, a high sugar level was detected in the mutated OsSUT2 leaf and the 
shortage of sugar translocation resulted in a large reduction in plant height, TGW and 
tiller number (Eom et al. 2011). These results indicate that the TaSUT2 group may 
have crucial roles in regulating sucrose remobilization between the vacuole and the 
cytosol.  
3.4.4 Expression of TaSUT3, TaSUT4 and TaSUT5  
TaSUT3 exclusively showed significant expression before anthesis in the lemma and 
relative high expression at 12 DAA in the caryopsis and the other parts assayed. These 
results hint that TaSUT3 may have specific functions in pollination and seed setting. 
In general, compared to TaSUT1, the expression levels of TaSUT3 and 4 were 
relatively lower. TaSUT4 consistently displayed similar low gene expression patterns 
in all the shoot parts at each sampling time (Fig. 3. 5). The transcript level of TaSUT5 
was not noticeable in most organ samples except for very low levels that were detected 
in late developing grains. Low gene expression levels of TaSUT4 and 5 were also 
reported previously (Mukherjee et al. 2015).  
However, the expression levels of TaSUT3, 4 and 5 in wheat were different from the 
gene expression of OsSUT3, 4 and 5 since their transcript levels, in general, were 
similar to OsSUT1. In rice, OsSUT3 and OsSUT5 were expressed similarly at high 
levels in different parts of the shoot and developing grain while OsSUT4 gene 
expression level was high only in sink leaves (Aoki et al. 2003). These results further 
suggested different SUT roles in sucrose translocation (Aoki et al. 2003). In maize, 
ZmSUT4 showed similar gene expression levels for leaves and roots while ZmSUT5 
was more highly expressed in roots (Usha et al. 2015). The results suggested that 
ZmSUT4 may act as a housekeeper gene.  
3.4.5 Yield contributions based on genotypic variation of TaSUT1  
The results of our study revealed that the SUT1 gene expression levels changed with 
genotype, growth stage, and treatment. Drought stress could upregulate the SUT1 in 
Westonia  at 25 DAA in the stem and grain but could repress the SUT1 in Kauz at the 
same growth stage in comparison with irrigated plants. 
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The upregulated gene expression levels of TaSUT1_4A, 4B and 4D also were evident 
at 20 DAA in Westonia stems under drought in our RNA-seq data. Under irrigation, 
significant differences in SUT1 gene expression levels appeared between varieties. 
The SUT1 gene expression levels were significantly associated with the grain weight, 
TGW and KN in Kauz under both irrigation and drought conditions and the correlation 
values were all higher in irrigated plants.  
On the other hand, the correlation values in Westonia were higher under drought than 
under irrigated conditions. The results indicate that the SUT1 gene contributes to high 
grain yield in Kauz in irrigated environments while the SUT1 Westonia contributes 
more to grain filling under drought stress. For improving grain yield under both 
drought and well-watered conditions, SUT1 gene markers of the Westonia and Kauz  
should be generated for high sucrose remobilization efficiency. Two contradicting 
results were reported in seedling drought studies. 
 In rice seedlings, among OsSUT1-5 genes, only OsSUT2 was up-regulated in rice 
seedlings under drought stress (Ibraheem et al. 2011). In contrast, in a similar seedling 
drought experiment, all SUT1 genes of rice, wheat, maize and barley were upregulated 
(Xu et al. 2018). The inconsistent results indicate likely different mechanisms being 
induced in different drought experiments. In a recent water lodging study in sorghum, 
SUT gene expression levels remained the same while the gene expression levels of 
one of the sweet transporters increased notably between treatments (Mizuno et al. 
2018). The gene functions of sweet transporters should be investigated under drought 
in wheat (Eom et al. 2015).  
In a previous study, the sucrose levels in the stem were similar between treatments 
and varieties (Zhang et al. 2015). Thus, the stem sucrose level might not be the cause 
for the different levels of SUT1 gene expression in stems. However, the growth stage 
for the high level of SUT1 gene expression in Westonia under drought coincided with 
that of 1-FEH w3. The 1-FEH w3 high gene expression occurred at 24 DAA in 
Westonia, which was the same time for significant stem fructan decline and fructose 
increase (Zhang et al. 2015).  
The increased fructose level may promote the enhanced SUT1 gene expression in 
Westonia. Nevertheless, the explanation did not apply to Kauz. Alternatively, SUT1 
gene expression could be driven by the level of ABA in grain as the expression level 
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was more pronounced in grain and the ABA levels were almost ten times higher in 
wheat grain compared to leaves (Guóth et al. 2009). Drought stress induced ABA 
accumulation and the ABA level was positively associated with high grain-filling rates 
(Guóth et al. 2009). The appropriate level of ABA can enhance sucrose uptake while 
high ABA levels can reduce sucrose uptake (Zhu et al. 2011). 
In developing grain, the exogenous ABA significantly reduced the transcription level 
of TaSUT1_4A and TaSUT1_4B, but not TaSUT1_4D which was the major 
transporter (Mukherjee et al. 2015). The high level of SUT1 gene expression in grain 
indicates that sucrose reloading to grain is crucial to the transporting roles of 
vegetative tissues. In agreement with the study of Mukherjee et al. (2015), the highest 
gene expression levels of TaSUT1_4D were also detected in our stem tissues. 
However, gene expression levels for individual isoforms of TaSUT1 and TaSUT2 
differed slightly in stems. For example, different from grain, the gene expression level 
of TaSUT1_4A was higher than that of TaSUT1_4B. Similar trends were found for 
TaSUT2 in the D genome which were expressed the most, followed by the A and B 
genomes. Differences in SUT1 and 2 gene expression levels between stems and grain 
need further investigation. In this study on wheat, since samples were taken during the 
day between 11:00 to 17:00, their gene expression patterns over the diurnal cycle were 
not investigated. Whether sucrose transport may be more active during the evening 
and night, as recently reported in maize (Leach et al. 2017), requires investigation.  
3.5 Conclusions  
Sucrose produced in photosynthetic tissue migrates in the phloem throughout the plant 
and is pre-stored or consumed in metabolic functions driving plant growth and defence. 
During grain filling, sucrose is a key transportable form for carbohydrate 
remobilization to the grain. Sucrose transporters undertake crucial regulation roles in 
sucrose mobility. For understanding the gene functions of homologue groups of 
OsSUT1–5 in wheat, TaSUT3, 4 and 5 were identified. Stem, sheath, rachis, lemma 
and developing grain at different growth stages after heading were used for analysing 
gene functions.  
The reversed transcript results of groups TaSUT1 to 5 revealed that TaSUT1 is the 
predominant sucrose transporting group in wheat cultivars of Westonia and Kauz. 
TaSUT2 and TaSUT4 showed consistent expression levels across all sampling times 
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and in general, TaSUT2 showed higher expression levels than TaSUT4. TaSUT2 might 
be a compensatory sucrose transporter to TaSUT1. It is hypothesised that TaSUT3 may 
contribute to pollination and seed setting. Group TaSUT5 does not seem to have an 
important role in wheat plants during the growth stages analysed.  
The high gene expression of TaSUT1 in grain and the correlation with the grain filling 
demonstrated the crucial role for TaSUT1 in sucrose reloading to grain and high yield. 
Significant differences in TaSUT1 gene expression between treatments and varieties 
indicate the genotypic variations towards two different soil moisture levels. Further 
molecular study is required for gene identification. Overall, our study provides 
increased understanding of gene functions of five SUT groups in wheat and builds a 
base for further SUT studies. The revealed SUT gene structure and the different gene 
expression levels require further SUT gene marker development for the purpose of 
high efficiency of stem WSC remobilization to grain under drought, and high grain 
yield.  
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Chapter 4: The diurnal patterns of WSC components and 
associations with TaSUT1 gene expression during grain 
filling 
Abstract  
Remobilization of WSC to grain in wheat is important for grain yield. To further 
understand the dynamics of WSC remobilization, a diurnal experiment under well-
watered condition was conducted in a glasshouse using wheat cultivars Westonia and 
Kauz. The main stem was sampled at 4 hourly intervals over a 24 hour period at six 
developmental stages from heading to 28 DAA. The levels of WSC, glucose, fructose, 
sucrose, 1-kestose, 6-kestose, bifurcose and fructan were measured in the flag leaf and 
stem, and TaSUT1 gene expression was quantified at 21 DAA. On average, the total 
WSC and fructan levels in the stems were double those in the flag leaf. Diurnal 
patterns in WSC and sucrose were present in leaves across all developmental stages 
while patterns in glucose and fructose were mainly displayed before 7 DAA. Diurnal 
fructan patterns in the flag leaf were present at heading and 14 DAA in both varieties, 
and at 21 DAA in Kauz. However, in the stem, a diurnal pattern was present only at 
anthesis in Kauz. The different levels of WSC and WSC components between 
Westonia and Kauz were associated with leaf chlorophyll and fructan degradation, 
especially 6-kestose degradation. High correlation between levels of TaSUT1 
expression and sucrose indicated that TaSUT1 expression is likely to be moderated by 
the level of sucrose. It is suggested that high levels of TaSUT1 expression and sucrose 
in Kauz contribute to its high grain yield. 
4.1 Introduction 
Improving and sustaining grain yield remains a priority for wheat production since the 
world population continues to increase (Chapter 2; O'Neill et al. 2010). So far, high 
grain yield has been achieved through fertilization, irrigation, and weed and pest 
control in the field, as well as via the use of high yield varieties generated by wheat 
breeders and researchers. In wheat breeding programs, the major genetic contributors 
of wheat grain yield are the thousand grain weight (TGW) and kernel number per 
spike (KN) (Aisawi et al. 2015; Gao et al. 2017; Zhang et al. 2013). Stem water soluble 
carbohydrate (WSC) stored in wheat stems and leaf sheaths contributes significantly 
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to grain yield especially under terminal drought conditions (Schnyder 1993; Zhang et 
al. 2009; Zhang et al. 2015b; Zhang et al. 2016). The remobilization of stem WSC 
shows much genetic variation and molecular marker screening has been useful in 
identifying suitable lines for pre-breeding (Zhang et al. 2015b).  
Carbon assimilation takes place in chloroplasts and is converted into glucose and 
fructose through photosynthesis, finally forming sucrose which is exported to sink 
organs or used for organ growth (Yu et al. 2015). The chlorophyll content of the flag 
leaf is considered to be a key determinant of photosynthetic capacity (Makino 2011). 
Furthermore, high chlorophyll content is related to high grain yield (Long et al. 2006).  
Sucrose is a disaccharide component consisting of glucose and fructose units and is 
the major sugar transported since its solution has relatively low viscosity which is 
suitable for high translocation rates (Halford et al. 2011). High sucrose levels in leaves 
inhibit photosynthesis since the inorganic phosphate molecules released from the 
process of sucrose synthesis are used for the synthesis of more triose phosphate in 
chloroplasts. Sucrose is transported by sucrose transporters through phloem sieve 
elements (Chapter 2). In the vacuole, the excess sucrose is transformed into fructan, 
the major soluble storage carbohydrate in vegetative tissues in plants (Zhang et al. 
2015b). At maximum stem water-soluble carbohydrate content, fructan comprised 85% 
of the WSC in internodes of wheat (Blacklow et al. 1984). 
Fructans are polysaccharides consisting of fructosyl residues and a terminal glucose 
residue (Valluru and Van den Ende 2008). There are three types of fructans including 
the inulin-type fructans with β-(2-1) linkages, levan-type fructans with linear β-(2-6) 
linkages and graminan-type fructans with both β-(2-1) and β-(2-6) linkages. In wheat, 
the graminan-type fructans predominate (Livingston et al. 2009; Valluru and Van den 
Ende 2008). The enzymes sucrose 1-fructosyltransferase (1-SST), fructan 6-
fructosyltransferase (6-SFT) and fructan1-fructosyltransferase (1-FFT) are involved 
in fructan synthesis, and enzymes of invitase (INV) and fructan exohydrolases (FEH) 
degrade fructans for WSC remobilization to the grain (Le Roy et al. 2007; Le Roy et 
al. 2013; Ruan 2014).  
In mature leaves of 14 days old maize plants, the levels of glucose, sucrose and starch 
displayed diurnal patterns, with maximum accumulation through the day and 
reduction at night (Aoki et al. 1999). Clear diurnal patterns of glucose, fructose and 
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sucrose were also presented in Citrus plants (Camañes et al. 2007). The dynamic 
fluxes of wheat stem and root WSC components have been described during grain 
filling in wheat (Zhang et al. 2015a; Zhang et al. 2016), but the daily patterns remain 
unclear. Sucrose transport across the plasma membrane depends on activities of 
sucrose transporters (Halford et al. 2011; Lalonde et al. 1999). Sucrose levels in maize 
leaves reflected diurnal patterns of ZmSUT1 gene transcript levels (Aoki et al. 1999). 
Furthermore, ZmSUT2 also showed diurnal patterns of gene expression in maize 
(Leach et al. 2017). In addition, different SUT transporters have different affinities for 
sucrose. Compared with SUT4, SUT1 has higher affinity for sucrose (Halford et al. 
2011). In previous research, five TaSUT genes were identified and TaSUT1 appears 
to be the major gene family for sucrose transportation in wheat (Chapter 3; Al-Sheikh 
Ahmed et al. 2018). Also, Wang et al 2015,found that AtSUC2 had up to 16% higher 
grain yield in transgenic rice. However, it is unknown if there are diurnal patterns for 
TaSUT1 gene expression in wheat stems in the studied cultivars Westonia and Kauz. 
Therefore, this study explores diurnal patterns in the leaf and stem, and the 
associations between the levels of TaSUT1 gene expression and sucrose concentration. 
4.2 Material and methods 
4.2.1 Plant material  
Wheat varieties Westonia and Kauz were used as in the previous chapter. Westonia 
was one of the top ten varieties sown in 2014 in Western Australia (Trainor et al. 
2015). It has early to mid-season maturity, high stem WSC concentration (40% of dry 
weight) (Zhang et al. 2009) and high yield in medium and low rainfall areas. Kauz 
was generated by the International Maize and Wheat Improvement Center (CIMMYT, 
EI Batan, Mexico) (Butler et al. 2005). It is a high yielding line and is drought tolerant. 
4.2.2 Experimental design  
The experiment was set up in a glasshouse at Murdoch University in Perth (32 ° 04' 
S; 115 ° 50 ' E), WA (Fig. 4.1). There were 3 pots for each time and 4 plants in each 
pot. The pots were distributed randomly across benches. 
4.2.3 Potting medium  
A commercial potting mix (Richgro, Australian garden products supplier) was used 
consisting of compost (four parts - including 50% pine bark), coarse river sand (one  
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part), and coco peat (one part). The composition is detailed in Table 4.1. 
Table 4.1 Potting mix properties. The data are the average of nine samples and were 
analysed by the Environmental Analysis Laboratory (EAL), in Southern Cross 
University, New South Wales, Australia. 
 
 
 
 
 
 
 
 
To prepare the pots, around 30 kg of the potting mix was weighted and mixed with 40 
g of each of Osmocote ® and Grower’s Blue®, 20 g dolomite (CaMgCO3) and 12 g 
lime (CaCO3). The composite was mixed thoroughly with five litres of tap water using 
an electric mixer. Osmocote® had 14 % N, 3 % P, 18 % K and 3 % Mg whereas 
Grower’s Blue® contained 12 % N, 5 % P, 14 % K, 9.8 % S. Two kg of this mixture 
was placed into each 4 litre plastic pot. The growing medium was described by Obiero 
(2018) 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 Experiment in Murdoch University glasshouse. 
Chemical /Physical property Method of analysis Amount 
Potassium Morgan 1 753 mg kg-1 
Phosphorus Colwell 164 mg kg-1 
Calcium Morgan 1 738 mg kg-1 
Magnesium Morgan 1 306 mg kg-1 
Tota1 nitrogen LECO IR Analyser 0.12 % 
pH 1:5 water 5.78 
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4.2.4 Measurements of chlorophyll content 
For overviewing plant senescence, leaf chlorophyll index was recorded by a 
chlorophyll content meter (CCM-200) Plus Apogee Instruments  between heading (- 
4 DAA) and 35 DAA.  Three flag leaves of each genotypes were measured. 
4.2.5 Phenotyping and sample collection  
Seed of Westonia and Kauz were sown on 29/05/2017 and thinned to four plants per 
pot at the three leaf stage. Plants were well-watered until maturity via a capillary 
matting to the base of the containers. Plants were sampled weekly 3 pots each one has 
four plant from heading (-4 DAA),  which was determined as half of plants within the 
variety at heading stage, until 28 DAA. On the sampling day, 4 main stems were 
collected for 6 times at 08:30, 12:30, 16:30, 20:30, 00:30 and 04:30 hours. Each 
sample had three biological (plants) replicates. The flag leaf, the 2nd leaf from the top 
down, and main stems with heads were collected, placed in liquid nitrogen, then stored 
at -20˚C. Grain weight, flag leaf area, plant height, WSC and WSC components from 
the flag leaf and main stem were determined. At the final harvest, grain and straw 
were collected for measurements of thousand grain weight and kernel number per 
spike, and WSC components. The grain weight and grain yield components are shown 
in Fig. 4.2. 
4.2.6 Water soluble carbohydrate analysis 
The stem WSC and WSC components (glucose, fructose, sucrose 1-kestose, 6-kestose 
and bifurcose) were measured as described in Chapter 5. 
4.2.7 Gene expression 
The RNA extraction, PCR amplification and real time PCR were performed as 
described in Chapter 3. TaSUT1 gene expression in the stem and flag leaf were 
explored.  
4.2.8 Statistical analysis 
Statistical analysis was conducted using IBM SPSS (ANOVA). Post-hoc Tukey’s test 
was used for analysis of group significance. Post-hoc Tukey’s test was used for 
analysis of group significance. The student’s t-test was used for the data pair analysis. 
Correlation analysis was determined by Pearson bivariate in IBM SPSS. Graphs were 
generated using sigma plot 13.0. 
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4.3 Results 
4.3.1 Grain weight  
From the main stem data at final harvest, the kernel number (KN) of Kauz was 
significantlyhigher than Westonia (P<0.01) (Fig. 4.2) while the TGW were similar. 
The grain weight of Kauz was significantly higher than that of Westonia.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 The kernel number (KN) per spike, grain weight per spike (GW), and TGW 
of Westonia and Kauz at the final harvest (grain maturity). The vertical bars represent 
SE. Asterisks (*) and (**) represent significant levels at P<0.05 and P<0.01, 
respectively. 
5.3.2 Senescence 
The chlorophyll index showed that senescence in Kauz commenced earlier than in 
Westonia. In both the flag and the 2nd leaves, the chlorophyll content of Kauz was 
higher before 14 DAA and then declined (Fig. 4.3). By contrast, Westonia stayed 
green until the late stages of grain filling (28 and 35 DAA).  
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Fig. 4.3 Chlorophyll content index of the flag and the 2nd leaf in Westonia and Kauz. 
Values with the same letter are statistically not different at P = 0.05. 
4.3.3 Diurnal patterns of WSC, WSC main components in the flag leaf and stem 
during grain filling  
 
4.3.3.1 Water soluble carbohydrates  
A. Flag leaf and stem WSC concentrations 
Trends in the levels of WSC in the flag leaf and stem are shown in Fig. 4.4. On average, 
the WSC levels in the flag leaf was about half of that in the stem. The WSC levels in 
the flag leaf increased gradually from 5.7% at anthesis to 11.2% at 14 DAA and then 
plateaud, while in the stem, concentrations increased steeply from 13 to 30%, then 
declined from 21 DAA. Compared with Westonia, the WSC levels in Kauz increased 
faster after anthesis in both leaf and stem while the increase in Westonia was delayed 
until 14 DAA. Compared with the flag leaf (11.2% WSC), the significantly higher 
levels of stem WSC show stem storage function.  
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Fig. 4.4 WSC concentration in flag leaf (L_WSC) and main stem (S_WSC) across 
grain developmental stages in Westonia and Kauz. Values with the same letter are 
statistically not different at P = 0.05. 
 
B. Diurnal patterns of WSC in the flag leaf and stem  
The diurnal WSC in leaf and stems were analysed at four hourly intervals for six 
weeks during grain development (Fig. 4.5). There were more obvious diurnal patterns 
of WSC concentrations in leaf than in stems. High levels of leaf WSC occurred in the 
day (08:30 to 20:30) at all stages of grain development studied, while in the stem, the 
diurnal pattern was present only in Kauz at anthesis (0 DAA). In general, the stem 
WSC levels remained stable during the day. The diurnal pattern of stem WSC in Kauz 
at anthesis suggests high energy requirement during the night at this stage of 
development in Kauz. The results show the leaf WSC levels accumulated during 
photosynthesis through the day and were remobilized under darkness. Compared with 
Westonia, the increment in WSC in the flag of Kauz rose earlier during the day before 
14 DAA whereas the reverse occurred at 28 DAA. The high levels of the leaf WSC in 
Kauz reflect high levels of the stem WSC before 14 DAA. Notably, the stem WSC 
concentrations in Westonia were significantly higher than that in Kauz at 21 and 28 
DAA.   
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Fig. 4.5 WSC diurnal analysis in flag leaf (left) and main stem (right) of Westonia and 
Kauz during grain developmental stages.  The vertical bars represent SE. Values with 
the same letter are statistically not different at P = 0.05. 
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4.3.3.2 Glucose 
A. Flag leaf and stem 
The daily average glucose levels of the flag leaf and stem were used for illustrating 
the glucose patterns during developmental stages. The leaf glucose levels (1 - 2.2%) 
were slightly less than that in the stem (1.3 - 2.7%). Leaf glucose increased steadily 
in Westonia across the developmental stages while no significant differences occurred 
in Kauz. The stem glucose levels in Kauz were markedly higher at heading and 
anthesis stages and gradually decreased to a steady low-level during grain filling. On 
the other hand, the stem glucose levels in Westonia slowly increased until 7 DAA and 
then progressively decreased to a similar low-level as in Kauz (Fig. 4.6). 
 
Fig. 4.6 Glucose concentration in flag leaf (L_Glucose) and main stem (S_Glucose) 
across grain developmental stages in Westonia and Kauz. The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
 
B. Glucose diurnal patterns in flag leaf and stem 
Significant diurnal patterns of leaf glucose levels appeared at heading, anthesis and 7 
DAA in both varieties and the similar patterns also presented at 21 DAA for both 
varieties and at 14 DAA in Kauz. No diurnal patterns showed at 28 DAA for glucose 
levels of both varieties. In stem, the glucose levels in Kauz exhibited consistently 
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higher at heading during the day and lower at 14 DAA. No diurnal patterns showed in 
stem glucose levels for both varieties (Fig. 4.7).  
Fig. 4.7 Glucose diurnal analysis in flag leaf (left) and main stem (right) of Westonia 
and Kauz during grain developmental stages.  The vertical bars represent SE. Values 
with the same letter are statistically not different at P = 0.05. 
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4.3.3.3 Fructose 
A.Flag leaf and stem 
In general, the daily average fructose levels of the flag leaf and stem were similar, and 
the levels were within the range of 1.4 to 3.5% across developmental stages. In the 
flag leaf, and similar to glucose patterns, the fructose levels of Westonia gradually 
increased from 1.4% to a significant level of 3%. In the stem, the fructose levels of 
Kauz remained at a similar level (1.9-2.7%) until 14 DAA and then increased to a 
significant level of 3.5%, while the fructose levels in Westonia remained similar across 
developmental stages (Fig. 4.8). 
 
 
Fig. 4.8 Fructose concentration in flag leaf (L_Fructose) and main stem (S_Fructose) 
across grain developmental stages in Westonia and Kauz. The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
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B. Diurnal patterns in the flag leaf and stem 
Leaf fructose diurnal patterns were evident at heading, anthesis, 7 DAA and 21 DAA 
for both varieties. Significant high fructose levels occurred at 12:30 and 16:30 during 
the day before 14 DAA. Leaf fructose diurnal patterns were clearly present at heading, 
anthesis, 7 DAA and 21 DAA in both varieties. Significant high fructose levels 
occurred at 12:30 and 16:30 during the day before 14 DAA. It was interesting to see 
another peak at 00:30 (night) for both varieties at 14 DAA and for Westonia only at 
28 DAA. Similar with the glucose patterns, the diurnal patterns of fructose were not 
present at 14 and 28 DAA for both varieties. In the stem, again, no diurnal patterns 
were evident for all stages (Fig. 4.9). Stem fructose levels in Westonia were 
significantly higher than that in Kauz at 7 DAA and the opposite results occurred at 
21 and 28 DAA. 
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Fig. 4.9 Fructose diurnal analysis in flag leaf (left) and main stem (right) of 
Westonia and Kauz during grain developmental stages.  The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
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4.3.3.4 Sucrose 
A.Flag leaf and stem  
The daily average sucrose levels of the flag leaf and stem were used for presenting the 
sucrose patterns during developmental stages. On average, the leaf sucrose level was 
slightly lower than in the stem. Leaf sucrose concentrations in Kauz increased steeply 
at 14 DAA and then plateaued (2.4%) whereas in Westonia consentrations increased 
after 21 DAA to reach the same concentrations (2.4%). In the stem of both varieties, 
sucrose levels increased gradually until 21 (3.5%) and 28 DAA (2.9%) for Kauz and 
Westonia, respectively. The stem sucrose levels in Kauz were significantly higher than 
that in Westonia before 28 DAA while the sucrose levels were only high at 21 DAA 
in the flag leaf of Kauz (Fig. 4.10).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 Sucrose concentrations in the flag leaf (L_Sucrose) and main stem 
(S_Sucrose) across grain developmental stages in Westonia and Kauz. The vertical 
bars represent SE. Values with the same letter are statistically not different at P = 
0.05. 
B. Diurnal patterns in flag leaf and stem  
The diurnal patterns of sucrose levels in the flag leaf were clearly displayed in all 
developmental stages for Kauz, and at 7,14, 21 and 28 DAA in Westonia. The diurnal 
patterns illustrated the accumulation of sucrose during the day time between 08:30 to 
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16:30 and decreases at night in the flag leaf of both varieties. There was no diurnal 
pattern of sucrose levels in the stem of both varieties (Fig. 4.11). 
 
Fig.4.11 Sucrose diurnal analysis in flag leaf (left) and main stem (right) of Westonia 
and Kauz during grain developmental stages.  The vertical bars represent SE. Values 
with the same letter are statistically not different at P = 0.05. 
Heading
L
e
a
f 
su
c
r
o
se
 (
%
 d
w
)
0
2
4
6
8
Westonia
Kauz
Anthesis
0
2
4
6
7 DAA
0
2
4
6
14 DAA
0
2
4
6
21 DAA
0
2
4
6
28 DAA
0
8
:3
0
1
2
:3
0
1
6
:3
0
2
0
:3
0
0
0
:3
0
0
4
:3
0
0
2
4
6
Heading
S
te
m
 s
u
c
r
o
se
 (
%
 d
w
)
0
2
4
6
8
Anthesis
0
2
4
6
7 DAA
0
2
4
6
14 DAA
0
2
4
6
21 DAA
0
2
4
6
28 DAA
0
8
:3
0
1
2
:3
0
1
6
:3
0
2
0
:3
0
0
0
:3
0
0
4
:3
0
0
2
4
6
cde
b
bcd
cde
cdef
def bc
a
f efdef
def
bc
ababc
abc
cbc
aabc
bcbc bc
abc
c
bc
a
ab
c
bcbc
cc c
c
c
abca ab
c
bcabc
abcbc cc
bc
c
abcabc
a
c
bc
ab
bcc cc
bc
ef
bccdef
a
cde
def
cd
ef ff
edf ab
d
ababc
a
cd
cdcd
bcdcd d
d
abcd
c
aa a
bc
aabc
abcbc
bc
c
ab
d
bcd
a ab
d
abab
dcd dd
abc
e
abcda ab
cde
abcbcde
ecde dee
bcde
71 
 
4.3.3.5 1-Kestose 
A. Flag leaf and stem 
The daily average 1-Kestose levels of the flag leaf and stem were used for presenting 
the 1-Kestose patterns during developmental stages. On average, the 1-kestose levels 
in the leaf was one third of that in the stem. The increment patterns of 1-Kestose in 
the leaf were similar between Westonia and Kauz except that the final level of Kauz 
(0.16%) was significantly above that of Westonia (0.1%). In the stem, 1-Kestose 
levels in Kauz were much higher than those in Westonia except at the stages of 7 and 
28 DAA (Fig. 4.12). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12 1-Kestose concentration in flag leaf (L_1-Kestose) and main stem (S_1-
Kestose) across grain developmental stages in Westonia and Kauz. The vertical bars 
represent SE. Values with the same letter are statistically not different at P = 0.05. 
 
B. Diurnal patterns in the flag leaf and stem  
The 1-Kestose levels in the flag leaf were too low to be measured at heading, anthesis 
and 7 DAA. The leaf diurnal patterns of 1-Kestose were present at 14 DAA for both 
varieties and 28 DAA in Kauz. No significant diurnal patterns were observed at other 
stages in the flag leaf nor at all stages in stem (Fig. 4.13). 
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Fig. 4.13 1- Kestose diurnal analysis in flag leaf (left) and main stem (right) of 
Westonia and Kauz during grain developmental stages.  The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
 
Heading
L
e
a
f 
1
-K
e
st
o
se
 (
%
 d
w
)
0.0
0.5
1.0
Westonia
Kauz
Anthesis
0.0
0.5
7 DAA
0.0
0.5
14 DAA
0.0
0.5
21 DAA
0.0
0.5
28 DAA
0
8
:3
0
1
2
:3
0
1
6
:3
0
2
0
:3
0
0
0
:3
0
0
4
:3
0
0.0
0.5
Heading
S
te
m
 1
-K
e
st
o
se
 (
%
 d
w
)
0.0
0.5
1.0
Anthesis
0.0
0.5
7 DAA
0.0
0.5
14 DAA
0.0
0.5
21 DAA
0.0
0.5
28 DAA
0
8
:3
0
1
2
:3
0
1
6
:3
0
2
0
:3
0
0
0
:3
0
0
4
:3
0
0.0
0.5
cde
bcbc
a
bcd
debc
ab
e ee
de
aba abab
abab
ab
ab
a
abab
ababb
ab a
b
ab
ab a
ab
ab
ab
ab
ab
b
c
aab ab
c
abab
bc
c
cc
ab
abcd
abc abc abcab
bcd
abcdd
a
d cd
cd
ab
ab
bab
b bb
a
bbb
ab
ab
b
aab
ab
ababab
ab
ab
73 
 
4.3.3.6 6-Kestose 
A.  Flag leaf and stem 
The daily average 6-Kestose levels of the flag leaf and stem were used for presenting 
the 6-Kestose patterns during developmental stages. Comparing the top values of 6-
Kestose, the levels in the stem (5.1%) were 10 times more than in the flag leaf (0.5%). 
The 6-Kestose level in Westonia was significantly higher than in Kauz at 28 DAA. In 
the stem, 6-Kestose levels of Kauz were strongly enhanced after heading, and then 
decreased sharply to 0.06%; while in Westonia, the 6-Kestose levels increased after 
anthesis until 14 DAA and then remained at a plateau. The 6-Kestose levels of Kauz 
were markedly higher than in Westonia before and significantly lower after 14 DAA 
(Fig 4.14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.14 6-Kestose concentration in flag leaf (L_6-Kestose) and main stem (S_6-
Kestose) across grain developmental stages in Westonia and Kauz. The vertical bars 
represent SE. Values with the same letter are statistically not different at P = 0.05. 
 
B. Diurnal patterns in the flag leaf and stem  
There was no significant diurnal pattern of 6-Kestose in leaf and stem tissues for both 
varieties (Fig 4.15) with one exception which it is notable a slight increase in 28 DAA 
in stem at 20:30. 
L_6-Kestose
6
-K
es
to
se
 (
%
 d
w
)
0
2
4
6
8
Westonia
Kauz
S_6-Kestose
H
ea
d
in
g
A
n
th
es
is
7
 D
A
A
1
4
 D
A
A
2
1
 D
A
A
2
8
 D
A
A
0
2
4
6
d
b
f
cd
fe
e
f
ab bca
bc bc
a ac
74 
 
 
Fig. 4.15 6- Kestose diurnal analysis in flag leaf (left) and main stem (right) of 
Westonia and Kauz during grain developmental stages.  The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
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4.3.3.7 Bifurcose 
A. Flag leaf and stem  
The daily average bifurcose levels of the flag leaf and stem were used for presenting 
the bifurcose patterns during developmental stages. Comparing the top levels of 
bifurcose, the levels in the stem were about 6 times those of the flag leaf. Similar to 
the 6-Kestose in flag leaf, the bifurcose concentration of Westonia (0.13%) was 
significantly higher than that of Kauz (0.07%) at 28 DAA. In the stem of Kauz, the 
bifurcose levels increased markedly until 14 DAA and then dropped while in 
Westonia, it increased gradually and peaked at 14 DAA, then decreased sharply until 
21 DAA and remained at the same level at 28 DAA. The bifurcose levels of Kauz 
were significantly higher than those of Westonia before 14 DAA while they were 
reversed at 28 DAA (Fig. 4.16). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.16 Bifurcose concentration in flag leaf (L_Bifurcose) and main stem 
(S_Bifurcose) across grain developmental stages in Westonia and Kauz. The vertical 
bars represent SE. Values with the same letter are statistically not different at P = 0.05. 
B. Diurnal patterns in the flag leaf and stem  
As for 6-Kestose, there were no significant diurnal patterns in the flag leaf and stem 
for both varieties (Fig. 4.17). 
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Fig. 4.17 Bifurcose diurnal analysis in flag leaf (left) and main stem (right) of 
Westonia and Kauz during grain developmental stages.  The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
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4.3.3.8 Fructan 
A.Flag leaf and stem 
The daily average fructan levels of the flag leaf and stem were used for presenting the 
fructan patterns during developmental stages. Figure 5.18 shows that the fructan levels 
in both the flag leaf and stem revealed the same patterns as for WSC during the 
developmental stages. Comparing with the WSC level, the highest fructan level in the 
flag leaf was 59% of the WSC level while it was 83% of the WSC concentration in 
the stem. On average, the stem fructan concentration was 2.4 times more than that in 
the flag leaf. 
 
 
Fig. 4.18 Fructan concentration in flag leaf (L_Fructan) and main stem (S_Fructan) 
across grain developmental stages in Westonia and Kauz. The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05. 
 
B. Diurnal patterns in the flag leaf and stem  
Different from the stem, diurnal patterns in leaf WSC and leaf fructan levels were only 
present at heading, 14 DAA and 21 DAA for both varieties. In the stem, and similar 
to the stem WSC, there was a diurnal pattern in stem fructan in Kauz at anthesis. No 
other diurnal pattern was observed for varieties and other developmental stages. The 
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remobilization of fructan at night in Kauz indicates the energy requirement at anthesis 
(Fig. 4.19).  
Fig. 4.19 Fructan diurnal analysis in flag leaf (left) and main stem (right) of Westonia 
and Kauz during grain developmental stages.  The vertical bars represent SE. Values 
with the same letter are statistically not different at P = 0.0. 
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4.3.4 TaSUT1 gene expression in the flag leaf and stem at 21 DAA 
Sucrose transporters (SUT) play a role in the active transport of sucrose across the 
membrane combined with proton transport (Aoki et al. 2002). In Chapter 3, in 
comparison to TaSUT2, TaSUT3, TaSUT4 and TaSUT5 during grain filling, TaSUT1 
was identified as the major gene in the sucrose transporter family in wheat (Al-Sheikh 
Ahmed et al. 2018). Since noticeable variations in sucrose levels between varieties 
were present at 21 DAA in both the flag leaf and stem, diurnal TaSUT1 gene 
expression was examined.  
Strikingly, the diurnal patterns of TaSUT1 gene expression in stems were more 
prominent than in the flag leaf. The TaSUT1 gene was highly expressed from 12:30 
to 16:30, while the expression levels were lower at night in both the flag leaf and stem. 
The peak values were 22.6 and 31.6 units in the flag leaf of Westonia and Kauz, 
respectively, whereas they were 38.0 and 49.8 units, respectively, in stems at 16:30. 
Dawn was at 06:22 and dusk was at 18:05 hours. 
The TaSUT1 gene expression corresponded to the level of sucrose in both the flag leaf 
and stem. These patterns were evident across both Kauz and Westonia, being higher 
in Kauz than Westonia in the flag leaf and stem. The TaSUT1 gene in Kauz expressed 
59 and 77% more than in Westonia in the flag leaf and stem, respectively (Fig. 4.20). 
The sucrose levels in stem were 18% higher than that in the flag leaf, and accordingly, 
the TaSUT1 gene expression levels were 40% higher in the stem compared with the 
flag leaf. The significant positive correlation between levels of sucrose and TaSUT1 
gene expression (R2 =0.65**, P<0.01) displayed the sucrose driving function on 
TaSUT1 gene expression (Fig. 4.20). 
It was observed that at 04:30 the TaSUT1 gene expression in Kauz stem rose slightly, 
which corresponded with a small increment in sucrose concentration in the stem of 
Kauz. The slightly increased sucrose level might be due to sucrose remobilization 
from the leaf as the sucrose levels were slightly lower at 04:30. 
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Fig. 4.20  The associations between the diurnal levels of sucrose and TaSUT1 gene 
expression of leave and stem at 21 DAA in Westonia and Kauz. (a) Sucrose diurnal 
analysis in flag leave and main stem and diurnal analysis of TaSUT1 gene expression 
in flag leaf and main stem; (b) The correlation between the levels of sucrose and 
TaSUT1 gene expression. The vertical bars represent SE. Values with the same letter 
are statistically not different at P = 0.05. Asterisks (**) represent the significant levels 
at P<0.01.   
4.3.5 Grain weight accumulation 
During the developmental stages, the grain weight of the same stem used for sugar 
measurement was recorded. The increment rate of grain weight in Kauz was higher 
than in Westonia between 21 to 28 DAA, resulting in a significantly higher grain 
weight per spike in Kauz at 35 DAA (Fig. 4.21).  
 
 
 
 
 
 
 
 
Fig. 4.21 GW per spike in the main stem between 12 and 38 DAA in Westonia and 
Kauz, respectively, under irrigated condition  
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4.4. Discussion 
4.4.1 Differences in diurnal patterns of WSC and WSC components in flag leaves 
and stems 
For understanding the WSC accumulation and remobilization in wheat, the daily time 
course of WSC, and WSC components in the flag leaf and stem were used in our study. 
Diurnal patterns of WSC and sucrose were exhibited in the flag leaf across all 
developmental stages studied except for sucrose in Westonia at heading. The levels of 
glucose and fructose presented diurnal patterns mainly before 7 DAA. Diurnal 
patterns in total fructan showed at heading and 14 DAA in both varieties, and at 21 
DAA in Kauz. No diurnal pattern was noticed for 6-kestose and bifurcose.  
In the stem, diurnal patterns in WSC and fructan concentrations were present only in 
Kauz at anthesis. These results indicate different functions between the leaf and stem. 
The WSC is manufactured in leaves during the day and remobilized (or partially used 
for respiration in situ) under darkness. On average, the stem WSC levels were more 
than twice those in the flag leaf, illustrating the WSC storage function in the stem in 
wheat. In maize, diurnal patterns of sucrose and starch concentrations were present in 
leaves at silking and at 21 days after silking (Ning et al. 2018a). Diurnal patterns of 
glucose, fructose and sucrose levels were also observed in three month old citrus 
plants grown hydroponically in a complete nutrient solution in a culture chamber 
(Camañes et al. 2007). 
The diurnal patterns of stem WSC and fructan in Kauz at anthesis indicate high energy 
consumption at anthesis. The Kauz variety always showed significantly high kernel 
number per spike compared with Westonia. The reduction in stem WSC (mainly 
fructan) at anthesis may have contributed to the high number of florets and high 
fertility rate in Kauz. 
 
4.4.2 Associations between leaf senescence and WSC level  
Chlorophyll content is considered as a key indicator of leaf greenness, and it is 
regularly used to explore leaf nutrient deficiency (Ali et al. 2017). In this experiment, 
compared to Westonia, the chlorophyll content of the 2nd leaf in Kauz was 
significantly higher before 14 DAA while it was slightly higher but not at a significant 
level in the flag leaf. The chlorophyll of both leaves declined at 21 DAA. At 28 and 
35 DAA, it was significantly lower in Kauz than in Westonia. In agreement with 
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previous results, Kauz senesced earlier than Westonia (Zhang et al. 2009). It is well 
known that photosynthesis declines with leaf chlorophyll content according to plant 
age (Bielczynski et al. 2017). Regarding the decreasing chlorophyll content of the flag 
leaf over time, the significant lower levels of chlorophyll in Kauz resulted in 
considerably lower levels of glucose and fructose in the flag leaf in Kauz after 14 
DAA relative to Westonia.  
In the chloroplast, C3 plants fix carbon and form triose phosphates. Fructose-6-
phosphate is generated through aldolase and fructose -1,6-bisphosphatase, then 
glucose is produced through UDP-glucose pyrophosphorylase. Sucrose is formed by 
sucrose phosphate synthase and sucrose phosphate phosphatase (Forseth 2010). As 
the main transportable form of sugar, sucrose is exported from the chloroplast, and is 
used either in growth or synthesized as graminan-type fructans and stored in vacuoles 
(Keller and Pharr 1996; Van den Ende 2013). 
In agreement with previous research on Kauz and Westonia (Zhang et al. 2016), a 
major component of the plant’s WSC is stored in the stem, the level in stem is double 
that in the leaf, and the accumulation of stem WSC is mainly based on the increment 
in fructan concentrations in the stem (82% of stem WSC). In the stem, before 14 DAA, 
the WSC and fructan concentrations in Kauz were significantly higher than those in 
Westonia. Furthermore, the levels of 1-kestose and bifurcose were much higher. There 
are two possible reasons to account for this: first is they result from the high levels of 
sucrose generated by photosynthesis in the second leaf; and second is because of the 
lower levels of 1-FEH activity in Kauz (Zhang et al. 2009). The later explanation is 
feasible as it was validated in a previous glasshouse experiment (Zhang et al. 2009). 
Relative to Westonia, the significantly higher levels of WSC in Kauz did not appear 
in field samples (Zhang et al. 2015b; Zhang et al. 2016). 
After 14 DAA, plants were experiencing WSC remobilization. Stem WSC and total 
fructan declined in Kauz, and after 21 DAA they declined in Westonia. The levels of 
6-kestose and bifurcose dropped significantly in the stem of Kauz after 14 DAA, and 
this led to the significantly higher levels of fructose in the stem. Interestingly, 1-
kestose levels were increased at 21 DAA. This indicates the remobilization of 2,6-
lingkage fructan is faster in Kauz under irrigated conditions, and implies different 6-
FEH activities between Westonia and Kauz. Further investigation on 6-FEH function 
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in stem WSC remobilization is required. Along with the degradation of fructan during 
grain filling, the grain weight in the main stem increased rapidly and the accumulation 
rate in Kauz was faster than that in Westonia between 21 to 28 DAA. In both the flag 
leaf and stem, sucrose levels in Kauz were significantly higher than in Westonia at 21 
days after anthesis. The high sucrose levels may be caused by enhanced fructan 
degradation. 
4.4.3 TaSUT1 gene expression 
In wheat so far, the five SUT gene families have been studied based on the available 
information from rice, namely TaSUT1, TaSUT2, TaSUT3, TaSUT4, TaSUT5. 
Compared with other SUT gene families, TaSUT1 was more highly expressed in all 
parts of the wheat plant (Chapter 3). Therefore, TaSUT1 was studied in this chapter. 
Also, during grain filling, significant differences in the sucrose levels of the leaf and 
stem appeared at 21 DAA in Westonia and Kauz, at a critical stage of grain filling. 
Therefore, the same tissue samples for the sugar diurnal analysis at 21 DAA were used 
for TaSUT1 expression.  
Similar to the sugar diurnal patterns, there were clear diurnal patterns of SUT1. The 
correlation between the levels of sucrose and gene expression reveals that SUT1 
expression is modulated by sucrose. It is suggested that the significantly higher levels 
of SUT1 gene expression together with the high levels of sucrose in Kauz would 
contribute to an increment in grain weight of Kauz between 21 to 28 DAA. Similar 
findings were reported in maize seedlings. The ZmSUT1 gene expression level was 
positively associated with the levels of sucrose in 14 day old maize leaves (Aoki et al. 
1999). In maize, diurnal patterns of ZmSUT2 were also clearly exhibited and the 
mutated ZmSUT2 plants accumulated two folds more sucrose, glucose and fructose 
(Leach et al. 2017). 
Recently, ZmSWEET13 together with ZmSUT1 were analysed in maize and the 
photosynthesis of knock-out mutants was impaired, and high levels of soluble sugar 
accumulated in leaves (Bezrutczyk et al. 2018). These authors suggested the combined 
function of ZmSWEET13 and ZmSUT1 regulated sucrose transportation. It was argued 
that over-expression of sucrose transporters did not enhance grain yield under field 
conditions. In potato, over-expression of SoSUT1 promoted sugar transport from 
leaves to tubers but did not result in higher yields (Leggewie et al. 2003). In 
Arabidopsis, over-expression of AtSUT2 enhanced sugar transport but plant growth 
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was reduced (Dasgupta et al. 2014). A possible explanation of growth limitation is the 
shortage of a carbon source (sugar). It is suggested that enhanced yield relies on the 
combination of high sucrose transportation, enough carbon source and sink strength 
(Dasgupta et al. 2014; Rodrigues et al. 2019). Relative to Westonia, the significant 
higher gene expression of TaSUT1 in Kauz were also detected in irrigated plants in 
Chapter 3. The higher levels of sucrose and TaSUT1 expression may contribute to 
high grain yield in Kauz. 
4.5 Conclusion  
A diurnal experiment under a well-watered condition in a glasshouse was conducted. 
Diurnal patterns in WSC and WSC components in the leaves and stems of Westonia 
and Kauz were quantified from heading until 28 DAA. Diurnal patterns in WSC, 
sucrose, glucose and fructose were observed but not for 6-kestose and bifurcose. 
Significant correlations between levels of TaSUT1 expression and sucrose at 21 DAA 
suggest that TaSUT1 expression is moderated by sucrose. High levels of TaSUT1 
expression and sucrose in Kauz may contribute to its high grain yield. 
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Chapter 5: Effects of nitrogen fertilizer rate on SUT gene 
expression and WSC in wheat during grain filling 
 
Abstract  
Nitrogen (N) fertilizer is widely used by farmers around the world. This chapter 
explores the effects of N fertilizer on yield components and protein, water soluble 
carbohydrates and TaSUT1 gene expression in wheat during grain filling. A field 
experiment was carried out in 2016 with two wheat cultivars (Westonia and Kauz) 
and two N treatments (25 and 125 kg N ha-1) at Wongan Hills in Western Australia. 
Application of 125 kg N ha-1 (high N) increased grain weight per plant (GW), and 
kernel number per spike (KN) and protein yield under rainfed condition. At high N, 
GW was almost doubled in Kauz and 20% higher in Westonia compared with the low 
N treatment. Tiller number per plant was elevated by one third at high N in Kauz. The 
total protein yield of Kauz (60.2 g /m2) higher at high N compared to low N while it 
increased nearly a third to 48.8 g m-2 in Westonia. The level of stem WSC was about 
23% higher at high N in both cultivars when grain filling commenced. The stem 
glucose and sucrose concentrations in Kauz were nearly doubled under high N but the 
sucrose concentration increased by only a  third in Kauz. Also, N fertilizer affected 
TaSUT1 gene expression in the stem. At 28 DAA, high N increased TaSUT1 
expression about 2 and 3 folds in Kauz and Westonia, respectively, and this might be 
a reason for the increase in grain weight per main spike. The pattern of stem sucrose 
concentrations coincided with the level of expression of TaSUT1, being higher in 
general in Kauz than in Westonia under both N treatments. Thus, selection of an 
appropriate rate of N fertilizer offers an opportunity to develop cultivars for target 
environments. 
5.1 Introduction 
Nitrogen (N) is an essential macro-nutrient for crop growth (Chapter 2) and fertilizers 
containing N are routinely applied to cereals to improve grain yield (Ali et al. 2012). 
In crops, N is a structural component of amino acids and proteins, and it also plays a 
key role in the synthesis of chlorophyll and photosynthesis (Anderson and Garlinge 
2000). Soil N may be depleted by crop uptake, soil erosion, leaching or microbial 
utilization (Kant et al. 2010) and increased through biological nitrogen fixation, 
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accumulation of organic materials and addition of inorganic fertilizers. Crop yield is 
highly influenced by the level of soil N (including N application). Therefore, the 
optimization of fertilizer N application has been intensely researched due to its 
environmental and economic impact (Muñoz-Huerta et al. 2013). In plants, some of 
the stored N is used for structural purposes and for grain filling (Lhuillier-Soundélé et 
al. 1999). For wheat grain quality, the grain N content is particularly important for 
determining the protein concentration (Cox et al. 1986). Genetic variation in N 
remobilization to the grain in wheat has been identified (Arduini et al. 2006). Soils of 
the WA wheat belt are characterized as being nutrient poor, and with a sandy, duplex 
(sand over clay) or clay texture. This area experiences cool wet winters and long warm 
and dry summers (Del Cima et al. 2004). In particular, soil N content limits wheat 
production resulting in reduced tillering numbers and grain yield (Anderson and 
Garlinge 2000).  
As N fertilizer is expensive, and excess can lead to environmental pollution such as 
the leaching of nitrate N and emission of N gases (Abedi et al. 2011), Australian 
farmers prefer to use ecofriendly levels. Anderson and Garlinge (2000) calculated that 
54 kg of N fertilizer is needed for every tonne of grain produced in WA while Faraj 
(2011) showed that N fertilization rates of 75 to 100 kg N ha-1 improved grain yield 
and grain quality in South Australia. A higher rate (100 kg N ha-1) is used for wheat 
under irrigation (Lloveras et al. 2001). Wheat has a high demand for N and the mature 
grain can account for >80% of the above-ground N (Barraclough et al. 2010). Also, 
the supply of N is important to enable accumulation of grain protein which is 
fundamental for baking and processing qualities (Zörb et al. 2018). Wheat grain is rich 
in carbohydrates and protein compared with other major cereals such as rice and 
maize (Pomeranz 1988). Adequate N application is important to produce high yields 
of wheat and raise grain quality (protein concentration). High protein levels are 
necessary for superior wheat flour and baking attributes (Faraj 2011).  
With increasingly limited resources and a rapidly rising population, it is necessary to 
increase grain yield capacity and wheat grain protein content (Fernando 2015). The 
highest grain yield in wheat is obtained under optimum N fertilizer supply (Iqtidar et 
al. 2006). Recently in maize, Ning et al. (2018a) found that N fertilizer application 
enhanced the conversion of sucrose into glucose and fructose at the silking stage and 
later the synthesis of sucrose in the kernal, leading to an increase in kernal setting and 
filling. It is well known that the reduction in growth caused by a lack of N or sucrose 
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cannot be overcome by the adequacy of other components in the plant (Cazetta et al. 
1999). 
Stem WSC, which can account for 50% of the stem dry weight (Chapter 2), is a major 
source of carbon during grain filling (Schnyder 1993; Zhang et al. 2015). McGrath et 
al. (1997) mentioned that fructans are the major constituents of stem WSC and also 
they suggested that stored fructan levels can influence grain yield stability and 
tolerance to environmental stress in wheat. Sucrose, a disaccharide composite from 
glucose and fructose (Halford et al. 2011), is the main carbohydrate transported to the 
grain (Chapter 2) (Ruan et al. 2014).   
Sucrose transporters (SUT) play a significant role in the remobilization of WSC to 
grain in wheat (Chapter 3; Al-Sheikh Ahmed et al. 2018). These proteins occur on the 
plasmalemma of phloem transport cells. In rice, SUT1-5 genes are expressed in leaves 
and grain and are vital for providing sucrose to the grain (Aoki et al. 2003; Ishimaru 
et al. 2001) whereas in wheat, TaSUT 1-4 and 5 genes have only been partially studied 
(Mukherjee et al. 2015). In barley, HvSUT1 expression is connected with sucrose 
gathering in caryopses and the products of gene expression participate in seed starch 
accumulation (Weschke et al. 2000). In chapter 3, we examined five SUT gene 
families in the stem, leaf sheath, rachis, lemma and grain during grain filling. TaSUT1 
showed consistent high expression levels in all sampled organs and across all growth 
stages from pre-anthesis to grain maturity.  
Also, Ning et al. (2018 a) showed that the N supply affected the transcript abundance 
of key enzymes participating in starch biosynthesis and maltose export in maize. As 
well, the sugar transporters (SWEETs) that are important for phloem loading 
increased in maize leaves with N fertilization. Thus, enhanced N supply contributed 
to greater starch turnover and sucrose export. Recently, Ning et al. (2018 a) 
established that application of N fertilizer raised gene expression in cob leaves 
involved in sugar biosynthesis such as ZmSWEET , ZmSPS1, Zmsus2 and ZmSUT1 in 
maize at silking and at 21 days after silking.  
In spite of the broad literature available on N fertilization of cereals, little research has 
focused on the effects of N supply on the remobilization of WSC and its main sugar 
components. Therefore, the aims of this chapter were to investigate how N fertilizer 
affects WSC and the main sugars (fructan, glucose, fructose and sucrose) in the stem 
during grain filling. The research also examines the impact of N fertilizer on TaSUT1 
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expression in the stem. This study used the same two wheat cultivars (Westonia and 
Kauz) as in Chapter 3. They were grown in the field under rain-fed conditions with 
two rates of N fertilizer. 
5.2. Materials and methods 
5.2.1 Field experiment 
A field experiment was carried out in 2016 at Wongan Hills (30.9˚S, 116.7˚E). The 
trial was set up as with two fertilizer regimes and two cultivars. Two N treatments 
were 25 and 125 kg N ha-1 (hereafter referred to as N25 and N125) as UAN fertilizer 
(49% N) (a solution of urea and ammonium nitrate in water) applied at tillering  
(August 11, 2016). The level of 125 kg N ha-1 represented the high nitrogen regime 
used in the Wongan Hills wheat belt. Background on N treatments used in WA in 
research trials is provided by Al-habbar et al. (2018 b). Westonia and Kauz cultivars 
together with other lines (not used in the PhD thesis) were randomly planted into 2 x 
0.5 m plots on the 25 May 2016, the recommended month for planting wheat in the 
agricultural regions in WA. The recorded data of soil profile and weather  are 
presented (Fig. Appendix 3). 
There were three replicates per treatment. Standard wheat agronomy practices, except 
for N, at Wongan Hills were used. Background information on practices at Wongan 
Hills are contained within French et al. (2015) and Anderson and Garlinge (2000). 
From anthesis, five plants in each plot were sampled fortnightly for four times during 
grain filling. Sampled plants (main spikes) were placed on dry ice after obtaining the 
fresh weight. Before harvesting, agronomic traits including grain weight per plant, 
tiller number per plant, grain weight per spike, seed number per spike, thousand grain 
weight, grain yield, grain protein and protein yield were measured. Stems were 
processed as described in Chapter 3 and used for SUT expression analysis. The total 
WSC, sugar components, and total N concentration of stems were measured as 
described below.  
5.2.2 Stem nitrogen  
Freeze dried stems were analysed based on the Kjeldahl method using a Kjeltec 8100 
analyzer (FOSS, Hillerod, Denmark) (SABC Wheat Laboratory, Western Australia). 
Subsamples of 0.4 g of dried stem were used. The whole process involved digestion, 
distillation and titration. In brief, samples were digested using concentrated sulphuric 
acid (95%) with a catalyst (salts of copper) at 450 ˚C in order to release ammonium 
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ions from the organic nitrogen-containing compounds. The ammonium ions were then 
converted into ammonia gas and received in boric acid (H3BO3) through distillation; 
and lastly, the amount of N was  measured via titration using 0.01-0.1N hydrochloric 
acid (HCl).  
5.2.3 Stem water soluble carbohydrate  
The WSC analysis was performed as described in Chapter 3 (Fales 1951; Yemm and 
Willis 1954). In brief, the fresh samples were freeze dried for 72 h and then placed in 
a 75 °C oven for 24 h (Zhang et al. 2008). The dried stem powder was used for total 
WSC extraction in boiling deionized water and the levels of WSC were quantified 
through colorimetry using anthrone reagent (Zhang et al. 2008). The WSC 
components were measured by high-performance anion exchange chromatography 
with an integrated pulsed amperometric detection (HPAEC–IPAD). A total of 200 μl 
aliquot of the same sample was passed through a 0.3 ml bed volume of each Dowex®-
50 H+ and bed volume of each Dowex®-1-acetate, and afterward the beds were rinsed 
six times with 200 μl distilled water. The solution was diluted seven times and 
centrifuged at 13,000 g for 5 min. A portion of 25 μl of each diluted sample was 
analysed HPAEC-PAD. CarboPacw PA100 was used as the anion exchange column. 
The pulsed amperometric detection equipped with a golden electrode (potentials: E1, 
+ 0.05 V; E2, +0.6 V; E3, –0. 8 V) was used as the detector. The flow speed was 0.25 
mL per min.  
The column was equilibrated for 9 min before injecting with 90 mM NaOH. The sugars 
were eluted with a Na-acetic acid gradient at 0–10 mM from 0 to 6 min; then at 10–
100 mM from 6 to 16 min. At the end, the column was regenerated with 500 mM Na-
acetate for 5 min. The quantification of WSC components was achieved via utilizing 
the peak area with standard sugar references for glucose, fructose and sucrose 
(provided by Van den Ende group in KU Leuven, Belgium). The total amount of 
fructan was determined as the level of WSC concentration minus the levels of sucrose, 
glucose and fructose concentration in the same sample (Zhang et al. 2015). 
5.2.4 RNA extraction and PCR amplification 
Combined protocol of Trizol and RNeasy (Invitrogen, Carlsbad, CA and Qiagen, 
Victoria, Australia) was used for the isolation of total RNA from stem tissues. 
Nanodrop was used for quantifying the purified RNA. The RNA was detected by 
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running on 1.5% agarose gel electrophoresis. A total of 200 ng of RNA for each 
sample was used for the cDNA reverse transcription. Real time PCR for TaSUT1 and 
GAPDH were followed the protocol described in Chapter 3. 
5.2.5 Statistical analysis 
Analysis of variance (ANOVA) on sugar components, and levels of gene expression 
were performed using IBM SPSS Statistics V21.0. Post hoc testing was conducted 
using Tukey tests to detect significant differences at P = 0.05. Also, the statistic 
protocol was used to analyse the phenotype data and total N and WSC in stems. 
Correlation analysis was determined by Pearson bivariate in IBM SPSS. Graphs were 
generated using Sigma plot 13.0. 
5.3 Results 
5.3.1 Genotypic responses to nitrogen 
Grain yield, grain protein concentration, and protein yield were significantly increased 
in N125 compared to N25 plants in Kauz but not in Westonia (Fig. 5.1). Under N125, 
the grain yield of Kauz was 568 g/m2 which was 62% greater that in N25 plants (455.8 
g/m2). The grain protein concentration was 12% in both varieties under N125, while 
it was 10 and 9% in Westonia and Kauz, respectively, in N25. 
 The total protein yield of Kauz (60.2) was doubled under N125 compared to N25, 
while it (48.8 g/m2 ) increased 33% in Westonia. Thus, Kauz seemed to be more 
sensitive to N supply than Westonia. As in Chapter 3, Westonia had high TGW and 
Kauz had high KN per spike (Fig. 5.2). The GW per plant of Kauz was almost doubled 
under high N application while it increased by only 20% in Westonia. Increasing the 
N supply from N25 to N125 increased the Kernal number per spike by ~15% in 
Westonia and Kauz to about 36 and 44, respectively. Noticeably, the mean tiller 
number increased by 30% under N125 in Kauz, leading to the high grain weight per 
plant, but this did not occur in Westonia. 
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Fig. 5.1 Grain protein (%  dw), protein yield(g/m2), and grain yield (g/ m2)  in Westonia 
and Kauz at two nitrogen fertilizer levels (N25 open bars, N125 closed bars) in 2016. 
The vertical bars represent SE. Values with the same letter are statistically not different 
at P = 0.05 
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Fig. 5.2 Harvest data for TGW, kernel number  (KN)/ spike, grain weight (GW)/spike 
(g) , tiller no/ spike, grain weight (GW)/plant (g), and in Westonia and Kauz at two 
nitrogen fertilizer levels (N25 open bars, N125 closed bars)  in 2016. The vertical bars 
represent SE. Values with the same letter are statistically not different at P = 0.05. 
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5.3.2 Nitrogen concentration  in stem 
Analysis of the data showed significant effects for N concentration in the stem 
measured at anthesis, 14 DAA, 28 DAA and 42 DAA. At anthesis, the N concentration 
was high and then gradually decreased over time under 25 and 125 kg N ha-1. The N 
concentration was increased by about 30% in N125 compared to N25 plants and was 
higher in Kauz (~0.7 %) than Westonia (~0.62 %) at anthesis (Fig. 5.3). At 14 DAA, 
the N concentration was slightly higher in N125 Westonia (~0.43 %) than in N125 
Kauz (~0.37 %), and values were ~0.34 % and ~0.33 % in N25 plants, respectively. 
Finally, nearly half of the N concentration remained in stems at 42 DAA, being ~0.26 
% under 125 kg N ha-1 and ~0.20 % under 25 kg N ha-1 in both cultivars. In general, 
the increment in stem N concentration due to increase in N fertilizer was almost 30% 
in Westonia and ~20 % in Kauz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3 Stem N concentration in Westonia and Kauz  at two levels of N supply: 25 kg 
N ha-1     and 125 kg N ha-1  .  
 
Day after anthesis
0 14 28 42
 N
 c
o
n
c
. 
in
 s
te
m
 (
%
 d
w
)
0.0
0.2
0.4
0.6
0.8
Westonia N25
Westonia N125
Kauz N25
Kauz N125
a
b
c
c
aa
aa
b b
b
b
bb b
c
Days after anthesis
N
in
st
em
(%
 d
w
)
95 
 
5.3.3 Water soluble carbohydrate and main sugar components in stems during 
grain filling  
 
5.3.3.1 Water soluble carbohydrate 
 
Stem WSC was measured from anthesis until seed maturity at 42 DAA. The levels of 
WSC were high at 0 and 14 DAA and then decreased at 28 and 42 DAA (Fig. 4.4). In 
general, the level of WSC was about 23% higher in 125 kg N ha-1 plants than in the 
25 kg N ha-1 plants in both cultivars. For example, the level of WSC was about one 
third higher in N125 plants at 14 DAA in both cultivars when grain filling started. The 
WSC level in Kauz was highly significant at 14 DAA, while Westonia was significant 
at 28 and 42 DAA under 125 kg N ha-1 (Fig. 5.4). 
 
5.3.3.2 Fructan 
The stem fructan concentration followed a similar pattern to WSC in Westonia and 
Kauz (Fig. 5.4). Compared with the 25 kg N ha-1  treatment, the level of fructan was 
higher in the cultivars at high N especially at 14 DAA. The fructan level was high at 
anthesis, and was highest in Westonia in high N plants (Fig. 5.4. The significant 
increase in fructan in N125 plants at 14 DAA ( Westonia and Kauz) and at 42 DAA 
(Kauz)  (Fig. 5.4).  
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Fig. 5.4 The WSC concentration (% dw) and ( fructan concentration in stems (% dw) 
of Westonia and Kauz under N25 and N125 treatments in 2016. The vertical bars 
represent SE. Values with the same letter are not statistically different at P = 0.05. dw 
= dry weight. 
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5.3.3.3 Glucose 
Glucose levels tended to have different patterns from the other sugar components that 
were measured. In general, the stem glucose concentration in Kauz was almost twice 
and Westonia was 37% higher in high N than low N. The concentration of glucose 
was maximal at anthesis and thereafter the levels declined sharply by 14 DAA and 
remained low at 28 and 42 DAA. The changes were highly significant in Kauz from 
0 to 14 DAA under 125 kg N ha-1 whereas the changes in Westonia were more evident 
from 28 to 42 DAA in the same treatment (Fig. 5.5).  
 
5.3.3.4 Fructose  
The stem fructose concentration increased in both Westonia and Kauz with application 
of 125 kg N ha-1. Fructose concentrations was significantly elevated under high  N at 
0 DAA in Kauz while in Westonia  was at 28 DAA (Fig. 5.5). Overall, the increase 
was ~15% in Westonia and ~40% in Kauz. Except for at anthesis. 
 
4.3.3.5 Sucrose 
The sucrose concentration profiles were similar for Westonia and Kauz at anthesis ,14, 
28 and 42 DAA under both N fertilizer treatments. Notably, the high N fertilizer 
increased the sucrose concentration by about twice in Westonia and one third in Kauz 
(Fig. 5.5). Kauz was highly significant at 0 and 14 DAA while opposite results found 
in Westonia at 28 and 42 DAA under high N. 
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Fig. 5.5 The Glucose concentration (% dw) and, fructose concentration in stem (% 
dw) (c) sucrose concentration in stem (% dw) of  Westonia and Kauz under N25  and 
N125 treatments  in 2016. The vertical bars represent SE. Values with the same letter 
are statistically not different at P = 0.05. dw = dry weight. 
 
 
F
ru
ct
o
se
 (
%
 d
w
)
0
2
4
6
8
Day After Anthesis
0 14 28 42
S
u
cr
o
se
 (
%
 d
w
)
0
2
4
6
8
Westonia N 25
Westonia N 125
Kauz N 25
Kauz N 125
G
lu
co
se
 (
%
 d
w
)
0
2
4
6
8
10
b
a
c
a a a
a
a
a
a
a
a
a
a
a
ab
cbc
c
bb c b
bab
c
b
bb
ab
c
b
b
bb c
b
ab a
ababab
b
99 
 
5.3.4 TaSUT1 gene expression and sucrose concentration in stems 
In this study, we investigated the pattern of TaSUT1 expression in Westonia and Kauz 
stems under the two treatment. TaSUT1 expression was low at anthesis followed by a 
gradual increase at 14 DAA in both cultivars in both N treatments. By 28 DAA, the 
level of expression had declined in both cultivars under low N but the opposite 
response occurred in the high treatment. However, at anthesis the expression of 
TaSUT1 was elevated in Kauz but not in Westonia in N25 plants. At 14 DAA, there 
was no significant difference in the expression of TaSUT1 in Westonia and Kauz. At 
28 DAA, TaSUT1 expression was about 3 and 2-fold higher in N125 Westonia and 
Kauz, respectively (Fig. 5.6).  
It is evident that the sucrose concentration coincided with the level of TaSUT1 
expression in both cultivars but especially at anthesis and 14 DAA in the two N 
fertilizer treatments (Fig. 5.6). Also, at 28 DAA there were increases in sucrose 
concentration and TaSUT1 gene expression  for both Westonia and Kauz under high 
N. Overall, Kauz had higher TaSUT1 expression than Westonia by about twice and 
~10% in low N and high N plants,   respectively. A Pearson's r data analysis showed a 
significant positive correlation between sucrose concentration and sucrose transporter 
gene TaSUT1, (R2 =0.67**, P<0.05) (Fig.5.6 c). 
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Fig.5.6 Sucrose concentration in stem N 25 and N 125  treatments (a), TaSUT1 gene 
expression in stems of Westonia and Kauz (b) and the correlation between the  sucrose 
and TaSUT1 gene expression (c) Asterisks (*) represent the significant levels at 
P<0.05.   
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5.4 Discussion 
5.4.1 Increase in grain yield and grain protein with 125 kg N ha-1   
Many studies have revealed that N fertilizer makes a great contribution to wheat yield 
(Alhabbr et al. 2018 a,b; Ortiz-Monasterio et al. 1997). In this experiment, the high N 
treatment raised grain protein and grain yield. Under N125, the grain yield of Kauz 
was 62% greater that in N25 plants while the total protein yield of Kauz was doubled 
and increased by 33% in Westonia. The grain protein concentration was 12% in both 
varieties under N125. Kauz was more responsive to the level of N application than 
Westonia (Fig. 5.1). Grain weight/ plant , tiller number/spike and seed number/spike 
all responded positively to high N  (Fig. 5.2).  Thousand grain weight in Westonia 
raised under two regimes comparing with Kauz which was lower. Westonia was 
highly significant at N 25 .  
That a high N regime can promote grain quality and grain protein is evident in other 
studies (Alhabbr et al. 2018; Ali et al. 2012; Iqtidar et al. 2006). Nitrogen fertilizer up 
to 140 kg N ha-1 significantly increased yield and protein concentration in bread wheat 
(Ali et al. 2012). This is consistent with an earlier study by Ali et al. (2000) who found 
that high N fertilizer (100 and 150 kg N ha-1) increased the number of grain/spike and 
the number of tillers/plant. Furthermore, Lloveras et al. (2001) found that bread wheat 
in a Mediterranean environment responded to 100 kg N ha-1  with increased grain yield. 
Hence, N application is routinely used to try and optimise wheat yields per unit area 
(Ali et al. 2012). In South Australia, Faraj (2011) found that wheat cultivars responded 
well to medium rates of N fertilizer and high rates did not improve wheat yield. 
Significant differences in grain yield and grain protein have been found under 100 kg 
N ha-1  in WA (Alhabbar et al. 2018b). Nitrogen is one of the major factors influencing 
growth of winter cereals, and its application should be carefully managed and 
synchronized depending on crop demand (Shiomi et al. 2006). 
5.4.2 The contribution of fertilizer N to water soluble carbohydrate and sugar 
components during grain filling 
Grain filling is defined as the period when the fertilized ovaries form into caryopses. 
Grain filling in cereals depends on carbon from two sources, assimilates transferred 
directly to the grain and assimilates redistributed from reserve pools in vegetative 
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tissues (Kobata et al. 1992; Pheloung and Siddique 1991; Salter and Goode 1967; 
Schnyder 1993).  
Raising the N fertilizer rate from low N to high N  altered the WSC and sugar 
concentrations in the stem. The main effect of high N level was to increase the levels 
of stem WSC and finally the grain weight was increased. The WSC concentrations 
were higher at anthesis and 14 DAA followed by a steep decline in Kauz and a slow 
decline in Westonia. This result is consistent with previous findings (Zhang et. 2015) 
where the WSC was high early after anthesis in well water conditions and then 
declined at 28 and 40 DAA. In general, the level of WSC was increased by about 23% 
under high N in both cultivars. In wheat, stored C and N are especially important for 
wheat production in Mediterranean climates as, with the onset of terminal drought, 
grain filling relies heavily on the remobilization of pre-anthesis assimilates (Palta et 
al. 1994). Also, the concentrations of cell wall cellulose and lignin can increase under 
high levels of N fertilizer (Wei et al. 2008). In developing ears of maize, N fertilization 
led to a greater carbon flux for sucrose biosynthesis than to starch accumulation (Ning 
et al. 2018a). Nevertheless, Diekmann and Fischbeck (2005b) did not observe any 
effects of high N supply on WSC accumulation in wheat but they reported on 
genotypic differences in WSC levels in response to N.  
In the results in this chapter, by14 DAA the peak concentrations in Westonia ranged 
from 28-35% and 30-38% in Kauz (Low N- High N). By 42 DAA, the WSC 
concentrations had declined to 9-10.5% in Westonia and to 4-8% in Kauz. The 
reduction in stem WSC is due to remobilization of WSC from stems to grain. Many 
studies have found that the extent of carbohydrate remobilization to the developing 
grain strongly affects grain yield in the cereals such as wheat and barley (Housley 
2000; Schnyder 1993; Setter et al. 1998;). Also, a study by Zhang et al. (2015) 
illustrated that the reserve stem carbohydrate pools account for 50% of the stem dry 
weight and this becomes a highly important source for grain filling especially when 
wheat experiences abiotic and biotic stress during late heading. Thus, the WSCs stored 
in stems are important carbon sources for final grain yield when the plants are exposed 
to hostile environmental conditions (Wardlaw and Willenbrink 1994).  
Fructan is the main component of stem WSC, being a surplus pool when the sucrose 
concentration is over the threshold (Maleux and Van den Ende 2007). In the vegetative 
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parts of temperate grasses and cereals, fructan is the major form of long-term 
carbohydrate storage (Blacklow et al. 1984; Kühbauch & Thome 1989). Fructans 
make up to 85% of the WSC in stem internodes of wheat plants (Blacklow et al. 1984).  
In this study, the fructan level was high at anthesis and 14 DAA then declined at 28 
DAA and 42 DAA in Westonia and Kauz (Fig. 5.4 b). Zhang et al. (2015) found that 
the fructan concentration was elevated shortly after anthesis and declined at 30 DAA. 
The application of high N fertilizer significantly increased the fructan concentration 
at 14 DAA. Westhafer et al. (1982) showed that fructan was the most responsive form 
of carbohydrate to N levels in stems of Kentucky bluegrass. However, Shiomi et al. 
(2006) showed that  100 kg N ha-1 enhance the accumulation of fructan and 
recommended that this N rate could be applied in the field.  
In addition, the glucose and fructose concentrations were much increased under high 
N. Similar results were found in maize by Ning et al. (2018a).They found that the 
glucose and fructose concentrations in the ear were strongly affected by the level of 
N fertilizer, particularly prior to silking and 20 days after silking. 
In contrast to glucose and fructose, the sucrose concentration during grain filling 
showed different patterns between Westonia and Kauz under the two N fertilizer 
regimes at Wongan Hills. Many studies have revealed that the sucrose level increases 
after N fertilizer application. For example, N fertilizer enhanced sucrose levels in 
sugar beet especially in a semi-arid area (Sulfab et al. 2017). Also, in maize, 
application of N led to more carbon flux being available for sucrose biosynthesis 
(Ning et al. 2018), which enhanced the activity of enzymes associated with sucrose 
and N uptake thus increasing the kernal capacity (Cazeeta et al. 1999).  
5.4.3 TaSUT1 gene expression under nitrogen fertilizer  
Several studies have been reported on the genetic and functional characterization of 
the sucrose transporter gene (Aoki  et al. 2004; Deol et al. 2013). Sucrose transporters 
(SUT) are integral membrane proteins existing on the plasmalemma layer of phloem 
cells, and they play a role in the active transport of sucrose across the membrane 
combined with proton transport (Aoki   et al. 2002) . SUT are known as small gene 
family which translocate sucrose from the manufacture tissues (leaves) to the sink 
tissues (grain) (Weschke et al., 2000: Usha et al. 2015). There are five SUT families 
in wheat, namely TaSUT1 ,TaSUT2,TaSUT3,TaSUT4 and TaSUT5 (Al-Sheikh 
Ahmed et al. 2018; Aoki  et al. 2004; Deol et al. 2013).  
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Earlier it was found that sucrose transporter TaSUT1 is the major gene in wheat and 
the same pattern of expression had been noticed during grain development stages, and 
expression was higher in Kauz than Westonia (chapter 3). TaSUT1 gene expression is 
drivied by sucrose levels (chapter 4). In this chapter, it seems that N fertilizer 
upregulates expression at 28 DAA. Our results revealed that at 0 and 14 DAA, levels 
of sucrose and TaSUT1 gene expression showed parallel patterns in both Westonia 
and Kauz in the two N treatments. Additionally, TaSUT1gene expression is modulted 
by sucrose levels based on the positive correlation between sucrose and gene 
expression level (Fig. 5.6). In maize, sucrose transporters probably play a role in the 
export process of accumulated carbohydrates in source leaf blades, as the expression 
of  ZmSUT1 increased with increasing carbohydrate levels (Aoki et al. 1999). 
Also, at 28 DAA, sucrose  and TaSUT1 expression increased at high N in both 
cultivars (Fig. 5.6). There are limited reports on the impact of nutrients on SUT 
expression. For example, in Zea mays, alteration in the levels of SUT genes occur with 
Pi starvation: sucrose biosynthesis was enhanced and ZmSUT1 and ZmSUT2 were 
upregulated in the source (root , leaf ) tissues in 14 day old plants (Usah et al. 2015). 
Moreover, N-treated conditions led to an increase in transcript levels of genes 
associated with starch biosynthesis in maize (Ning et al. 2018). The increased 
expression of TaSUT1 is likely to enhance kernal weight by facilitating the transport 
of high levels of sucrose produced at high levels of N supply (Doehlert et al. 1997).  
 
5.5 Conclusion 
This study has shown that high N application can raise grain and protein yields. The 
increments in grain yield and grain protein content are coupled with the considerably 
increased amount in stem WSC and tissue N in high N plants. The second major 
finding was that TaSUT1 expression was highly upregulated by high levels of N. High 
expression levels of TaSUT1 coincided with high sucrose levels,  and enhanced stem 
WSC remobilization under high N may enhance the accumulation of grain reserves. 
Further research is needed to better understand the influence of N fertilizer on the 
sugar gene network such as sucrose synthesis, invertase, and 1-FEH w3.  
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Chapter 6: General discussion 
6.1 Introduction 
This thesis set out to characterize the major sucrose transporter (SUT) gene groups for 
sucrose transportation to the grain in wheat (Triticum aestivum L.) under 
environmental conditions experienced by producers in the Mediterranean-climate 
region of south-western Australia. The research was undertaken using two wheat 
cultivars, one bred in Australia and the other in Mexico, and they have different 
pedigrees. There is one day differences for anthesis between those two cultivars. The 
study achieved the following four major outcomes:  
1) identified the major SUT gene groups during grain filling in wheat under irrigated 
and terminal drought conditions; 
2) identified TaSUT1 as the most important gene for WSC remobilisation and grain 
filling; 
3) study the response of TaSUT1 to several environmental parameters; and 
4) established evidence for diurnal patterns in WSC and its components in the flag 
leaf and stem during grain filling 
In the following sections the key results of the experiments concerning the research 
objectives are discussed. Then, further research into mechanisms underpinning sugar 
remobilization during grain filling under environmental conditions are proposed. 
6.2 Identification of the major SUT gene groups during reproductive 
development in wheat 
6.2.1 TaSUT gene structure 
At the time the thesis proposal was being prepared, the published literature contained 
incomplete information of the sucrose transporter family in wheat, necessitating work 
to be undertaken on the major functional SUT gene groups. At that period, two gene 
families were known in wheat, comprising TaSUT1_4A, TaSUT1_4B, TaSUT1_4D; 
TaSUT2_5A, TaSUT2_5B, and TaSUT2_5D based on the rice OsSUT1-2 homologous 
genes (Aoki et al. 2002; Doel 2012). A review of the literature provided strong 
indications that sucrose transporter genes were the key in understanding the supply of 
sucrose to the developing grain in wheat. TaSUT1 A, B and D were first identified by 
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Aoki et al. (2002) in germinating wheat seeds. The three TaSUT1 isoforms have been 
located in the aleurone layer, scutellar epidermis and companion cells (Aoki et al. 
2006). In Chapter 3, other TaSUT isoforms were identified as TaSUT3_1A, 
TaSUT3_1D; TaSUT4_6A, TaSUT4_6B, TaSUT4_6D; TaSUT5_2A, TaSUT5_2B, and 
TaSUT5_2D, based on similarity analysis of the amino acid sequences to SUTs in rice. 
In size, TaSUT3 has the biggest genome in this family, with TaSUT3_1AS and 
TaSUT3_1DL having 47 and 34 kb,  respectively.  
So far, the SUT family has been studied in rice, barley, maize and wheat. In rice, 
OsSUT1, OsSUT2 OsSUT3, OsSUT4 and OsSUT5 were identified by Aoki et al. (2003) 
and found to have diverse roles in source and sink tissues. Rice OsSUTs have been 
used as a model to identify sucrose transporter genes in other cereals. For example, 
ZmSUT1, ZmSUT2, ZmSUT4 and ZmSUT5 in Zea mays were identified based on the 
available genome database and NCBI database in rice using OsSUTs as query 
sequences (Usha et al. 2015). The ZmSUTs play a role in sucrose transportation in 
roots and leaves. In barley five SUT genes have been identified HvSUT1, HvSUT2, 
HvSUT3, HvSUT4 and HvSUT5 (Radchuk et al. 2017; Weschke et al. 2000).  
 
6.2.2 Spatial expression of the sucrose transporter genes in wheat 
Westonia genotypes were used to identify potential roles of individual TaSUT gene 
family members in the process of sucrose transport in lemma, spike, stem, grain, leaf 
sheath and stem under well-watered conditions. Interestingly, the five sucrose 
transporter genes in wheat differed in their expressions, suggesting diverse roles in 
source and sink tissues (Chapter 3, Fig. 3.5). Together, these results provide insights 
for the sucrose transporter genes in wheat. TaSUT1 showed consistently high 
expression levels in all organ samples and across all growth stages, from pre-anthesis 
to grain maturity, and the expression level was particularly high in developing grain. 
This indicates the important function of TaSUT1 in sucrose transportation. By contrast, 
TaSUT3 was highly expressed before anthesis in the lemma (Fig. 3.5d) and was 
present in developing grain at 12 DAA. Expression of TaSUT4 and TaSUT2 was 
detected in all the vegetative tissues examined from 4-30 DAA and in grain from 12-
38 DAA (Fig. 3.5). Expression of TaSUT5 was not able to be detected in the lemma, 
spike, stem or leaf sheath (Fig. 3.5 a-d), but it was weakly expressed in the developing 
grain at 19 to 31 DAA (Fig. 3. 5e). 
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In an earlier study, Mukherjee et al. (2015) reported high expression of TaSUT1 and 
low expression of TaSUT4 and TaSUT5 in wheat grain at 4-30 DAA. In barley, both 
HvSUT3 and HvSUT4 were detected in developing grain but HvSUT5 was highly 
expressed in the embryo sac fraction at anthesis and decreased quickly with the onset 
of seed development (Radchuk et al. 2017). However, in rice, OsSUT3 and OsSUT5 
were expressed at high levels in various portions of the shoot and developing grain 
whereas OsSUT4 was expressed highly only in sink leaves (Aoki et al. 2003). These 
results led Aoki et al. (2003)  to suggest distinctive roles for SUT genes in sucrose 
translocation. It will allow further investigation of the spatial pattern of sucrose 
transporters in wheat during grain filling and help to eliminate ambiguity in 
understanding this family of genes. 
One of the major outcomes of this thesis was the identification of TaSUT1 as main 
contributor among the SUT gene family in wheat. This gene was expressed in the 
lemma, spike stem, leaf sheath and stem from 4 days before anthesis until 31 DAA, 
and was highly expressed in the developing grain from 12 to 38 DAA. Thus, there was 
a strong contrast in expression with the other four SUT genes (Fig. 3.5). Similar 
findings were obtained from the RNA-seq data in stems of plants grown under 
terminal drought or irrigated conditions. Gene expression patterns were obtained of 
four TaSUT gene families (the TaSUT5 group could not be explored due to very low 
signals) (Fig. 3.6). This gave additional evidence of the importance of the TaSUT1 
gene group in wheat development. Previously, TaSUT1 was found at high 
transcription levels in developing grain in glasshouse experiments (Mukherjee et al. 
2015). In cereal, the SUT1 gene is expressed highly compared to other related genes. 
Expression of OsSUT1 in rice was detected in the leaf blade and leaf sheath tissues 
before anthesis, in addition to developing grain until 15 DAA (Aoki et al. 2003; Hirose 
et al. 1999). In barley developing grain, HvSUT1 was expressed more highly then 
other genes in the HvSUT family during grain filling from 6-14 DAA (Radchuk et al. 
2017). Furthermore, ZmSUT1 was highly expressed in seedling roots and leaves in 
maize (Usha et al. 2015). Wang et al. (2016) concluded that the SUT1 gene function 
was essential in phloem loading and storage uptake in grasses and eudicots. This thesis 
has clarified that TaSUT1 is the main contributor to sucrose transport in wheat during 
grain filling. 
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6.3 Responses of TaSUT1 to the environmental conditions 
Another objective of this thesis was to characterize the response of TaSUT1 and WSC 
remobilization during grain filling to post anthesis drought and to nitrogen fertiliser 
supply. The null hypothesis that “there is no difference in the sucrose transporter gene 
TaSUT1 under different environmental conditions” was rejected by the experimental 
results. The experimental results also confirmed that TaSUT1 plays a crucial role 
under the two environmental conditions that were studied in the field.  
In irrigated Kauz plants, there were significant correlations between TaSUT1 
expression and TGW and KN, being 0.81** (P < 0.01) and 0.55** (P < 0.01), 
respectively (Fig. 3.8). Furthermore, in the stem, TaSUT1expression was upregulated in 
irrigated plants but was down regulated in drought-stressed plants. In Westonia, TaSUT1 
expression was upregulated in the stem and grain at 25 DAA under drought (Fig. 3.7). 
The results indicate that SUT1 contributes to high grain yield in Kauz in irrigated 
environments while the SUT1 Westonia contributes more to grain filling under drought 
stress. The overall results suggest a crucial role for TaSUT1 in stem WSC remobilization 
to grain under drought which was ultimately reflected in yield phenotypes, particularly 
high TGW (Fig. 3.8). Environmental stressors such as drought can affect gene expression 
(Zhang et al. 2015; Xu et al. 2018) and Westonia seems to be a better performer under 
drought than Kauz. 
In the previous study, the  drought affects both gene expression and carbohydrate levels 
in wheat. For example, high 1-FEH w3 expression occurred at 24 DAA in Westonia, 
which was when fructan declined and fructose increased in the stem (Zhang et al. 2015). 
Also, a study in source leaves of Populus showed that sucrose (Suc) transporter 4 
(PtaSUT4) gene expression was repressed under drought (Frost et al. 2012). However, 
this is consistent with the findings of Xu et al. (2018) who described changes in SUT 
expression in response to drought. TaSUT1 was up-regulated in leaves of 5-week old 
wheat (Chinese Spring) when exposed to drought stress by withholding water for several 
days until plants reached moderate drought.  
Many studies have documented that N starvation can suppress sugar biosynthesis through 
reductions on leaf area development and photosynthesis. Under limiting N supply, 
Paponov and Engels (2003) found that the green leaf area gradually decreased after 
flowering due to loss of chlorophyll during leaf senescence which eventually reduced 
photosynthesis and carbon assimilation. In hybrid maize, leaf area may be lessened by N 
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deficiency depending on its severity (Ding et al. 2005). The effect of N supply on the 
activities of carbon fixation enzymes is well studied (Ding et al. 2005). In general, N 
supply can moderate sugar biosynthesis and export from leaves (Ning et al. 2018a). 
In cereals, grain yield greatly relies on post anthesis carbon assimilation as well as 
carbohydrate remobilization from stem tissues (Braun et al. 2014; Wang et al. 2015; 
Zhang et al. 2015). In Chapter 5 it was found that high levels of the N fertilizer 
increased the concentration of water-soluble carbohydrate (WSC) and its main 
components in the main stem. In general, the same pattern was observed in Westonia 
and Kauz. Furthermore, the N fertilizer increased TaSUT1 expression by about 2 and 
3 folds in Kauz and Westonia, respectively under high N, and this coincided with 
increments in stem sucrose concentrations at 28 DAA. In the high N treatment, the 
elevation of TaSUT1 gene expression might have promoted grain weight per main 
spike in both cultivars. In maize leaves, Aoki et al. (1999) found that elevated ZmSUT1 
expression was associated with high sucrose concentration. However, Ning et al. 
(2018a) showed that ZmSut1 expression increased with increasing N availability at 
silking but there was no difference between N treatments at 20 Days after silking.  
More broadly, expression of SUT forms part of the abiotic stress response in plants 
and different types of SUTs participate in the response to abiotic stress. In Arabidopsis, 
AtSUC2 and AtSUC4 transcription showed significant induction in salt, osmotic, low 
temperature and exogenous abscisic acid (ABA) treatments (Gong et al. 2015). Jai et 
al. (2015) found that AtSUC9 expression was induced by different abiotic stress 
conditions, including salt, osmotic and cold treatments. They found during seed 
germination and seedling growth there was disruption AtSUC9 expression. A study by 
Baker et al. (2016) mentioned that growth conditions, genotype, and age of the plant 
could influence ZmSUT1 expression results. These outcomes have highlighted an 
environmental factors that may be contributing to TaSUT1 in grain filling when plants 
are responding to environmental conditions. 
6.4 Diurnal patterns of WSC and WSC components in flag leaves and stems 
To better understand WSC remobilization to grain in wheat, diurnal patterns of WSC 
and WSC components in flag leaves and stems were investigated (Chapter 4). In this 
thesis, stems were collected during the daytime between 11:00 to 17:00 (Chapter 3 
and 5). As it was difficult to collect diurnal samples in the field due to distance from 
the laboratory, the experiment was set up in a glasshouse in Murdoch University. The 
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concentration results of WSC and WSC components revealed that the stem was 
insensitive, and the flag leaf was sensitive to the 24 hour clock. 
In all developmental stages studied, there were diurnal patterns in the levels of WSC 
and sucrose in the flag leaf. However, glucose and fructan were present mainly up to 
7 DAA, and fructan was evident at heading in both varieties, and at 21 DAA in Kauz. 
Fructan diurnal patterns were evident at heading and 14 DAA in both varieties, and at 
21 DAA in Kauz. High levels of WSC, sucrose, glucose and fructose occurred during 
the day and it was elevated at 12:30 and 16:30 in the flag leaf in both cultivars. By 
contrast, there were no diurnal patterns for 6-kestose and bifurcose. Similar diurnal 
patterns in sucrose and starch levels occur in maize leaves at silking and 21 days after 
silking (Ning et al. 2018a). Also, glucose, fructose and sucrose levels displayed 
diurnal patterns in three-month-old citrus plants grown hydroponically in a complete 
nutrient solution in a culture chamber (Camañes et al. 2007). 
In contrast to the flag leave, WSC, fructan and sucrose in the stem were insensitive to 
the 24 hour clock. This indicates strong control over the WSC storage pool in the stem 
in wheat during grain filling. This result agrees with a previous study by Zhang et al. 
(2016) which found that the majority of the WSC is stored in the stem and fructan is 
the major form of WSC. The WSC level in the stem is double that in the leaf (Chapter 
4) and the accumulation of stem WSC is mainly based on the increment in fructan 
levels in the stem. This infers that the wheat stem is the main carbon source for grain 
filling under terminal drought (Zhang et al. 2015). However, as conditions in grain 
filling become more favourable, the current photosynthesis predominates and then the 
remobilization of stem reserves is insignificant (Zhang et al. 2015).  Our results 
confirm a previous study where the WSC content in the stem was at least 50% higher 
than in the leaf and fructans were the major component (McGrath 1988). In general, 
leaf WSC levels were significantly affected by the 24 h clock while the stem WSCs 
were affected mainly across developmental stages. 
6.5 Diurnal pattern of TaSUT1  
This study is the first to explore the diurnal expression of TaSUT1 in flag leaves and 
stems during grain developmental stages in wheat. In the field experiment used in 
Chapters 3 and 5, wheat samples were harvested during the daytime between 11:00 to 
17:00. The significant diurnal patterns of sucrose transporters were exhibited in maize 
leaves (Leach et al. 2017). It is unknown whether there are significant differences in 
TaSUT1 gene expression in the stem during the daily sampling times that were used. 
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For reducing the work load, in this study TaSUT1 expression was examined at 21 
DAA based on the high levels of stem WSC at this particular grain filling stage (Fig. 
5.20) as it was anticipated TaSUT1 would contribute greatly to sucrose remobilization 
at that time. The results revealed high expression levels of TaSUT1 during the day and 
it was maximum at 12:30 and 16:30 in the stem and flag leaf in both cultivars. Diurnal 
patterns in the expression of TaSUT1 were present in both the stem and flag leaf. This 
is in agreement with Aoki et al. (1999) who characterized ZmSut1 diurnal expression 
in juvenile leaf 3 blades, and found that expression peaked at the end of the day and 
declined during the night. 
Also, it appears that TaSUT1 gene expression is modulated by sucrose levels based on 
the parallel correlations between sucrose and gene expression levels. Kauz showed a 
clear increment in the level of sucrose and TaSUT1 gene expression which may 
underlie the increase in grain weight between 21 and 28 DAA. Aoki et al. (1999) found 
that the level of ZmSUT1 expression was positively associated with sucrose 
concentrations in 14 day old maize leaves. The study of ZmSUT2 in maize leaves also 
revealed diurnal patterns and the mutated zmsut2 plants accumulated high 
concentrations of sucrose, glucose and fructose (Leach et al. 2017). The accumulated 
sugar in leaves of the ZmSWEET13 and ZmSUT1 knock-out mutants indicated the 
combined function of ZmSWEET13 and ZmSUT1 regulated sucrose transportation 
(Bezrutczyk et al. 2018). It is suggested that enhanced yield relies on the combination 
of high sucrose transportation, an adequate carbon source and strong sink strength 
(Dasgupta et al. 2014; Rodrigues et al. 2019). 
 
6.6 Future work 
The thesis explored, using field and glass-grown plants, the expression of TaSUT1 in 
two wheat cultivars. Much more research is required before the findings can be 
applied into breeding programs for drought-tolerant wheat. This will include further 
molecular level identification for gene marker development. The revealed SUT gene 
structure and the different gene expression levels require further SUT gene marker 
development for high efficiency of stem WSC remobilization to grain and high grain 
yield. Further field trials are crucial to bring target genes into breeding programs. For 
example, a study to combine nitrogen fertilizer rates and drought is an obvious area to 
explore further given the prevailing climate change conditions in WA and the low 
fertility soils in the wheatbelt. From the results of the diurnal experiment it seems that 
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plants would be best sampled between 12:30 and 16:30. Further investigation is 
required to validate the diurnal dynamic on stem and leaf WSC remobilization during 
grain filling and to ensure that time of sampling is appropriate for determining 
mechanisms of carbohydrate supply to facilitate early grain development in field. 
Hopefully, in the future producers will have access to improved genotypes with 
greater water-deficit tolerance than the current commercial lines. 
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Appendix 1 chapter three published paper 
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Appendix 2 Soil water content and weather for field trail used in 
chapter 3 
Irrigation treatment started on the 19th of September 2014. Soil moisture measured 
on the 27th of July 12th of August  2nd of October (10 DAA, earliest circle presented 
in B) and so on (presented in the figure). Soil water content measured using neutron 
prob for 2011 (RNAseq) and 2014 (Zhang et al. 2015). 
 
                        
 
 
Fig. 2.1 (a) The rainfall patterns in the wheat growing season in 2014 and last 27 
years and (b and c) volumetric soil water content (v/v, %)  at 10, 30 and 50 cm 
depth, in drought experiments at Merredin field station in 2011,2014. The average of 
the days after anthesis of lines is presented. Closed circles represent irrigated 
conditions and open circles represent drought conditions. The vertical bars represent 
SE. Values with the same letter are statistically not different at P = 0.05.The figures 
(a) and (c) are taken from Al-Sheikh Ahmed et al. 2018 and figure b from Zhang et 
al. 2011.  
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Appendix 3:  Wongan Hills research station weather and soil 
properties 
 
 
 
 
 
  
 
 
 
 
Fig 3.1 Mean Maximum temperature in Wongan Hills in 2016 
 
Table 3.1 Mean Maximum Temperature (°C) for 2016 
 
 
*Data retrieved from Australian Government Bureau of Meteorology  
http://www.bom.gov.au/jsp/ncc/cdio/cvg/av 
 
Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Temperature 33.6 34.8 30.3 24.9 19.9 16.9 16 16.7 18.2 24.5 31.7 31.8 
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Fig 3.2 Mean rainfall in Wongan Hills in 2016 
 
Table 3.2 Rainfall (mm) mean for 2016 in Wongan Hills 
 
*Data retrieved from Australian Government Bureau of Meteorology 
http://www.bom.gov.au/jsp/ncc/cdio/cvg/av 
 
 
 
Statistics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Rainfall 
(mm)  
90.6 0.4 93.0 55.8 42.2 64.2 68.6 50.6 24.5 15.2 2.0 5.8 
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Table 3.3 soil components in Wongan Hills 
 
*Data from Australian Precision Ag Laboratory, Hindwash, South Australia 
 
 
 
 
Soil components Soil depth 
0-10  
cm 
10-20 cm 20-30 cm 
Gravel % 5 5 5 
Texture  1.5 1.5 1.5 
Ammonium Nitrogen mg/kg 1 1 1 
Nitrate Nitrogen mg/kg 6 <1 1 
Phosphorus Colwell mg/kg 34 28 29 
Potassium Colwell mg/g 88 43 63 
Sulphur mg/Kg 6.4 8.1 8.6 
Organic Carbon % 1.45 0.86 0.89 
 Conductivity ds/m 0.048 0.032 0.033 
pH (CaCl2)  6.2 5 4.9 
pH  (H2O)  6.9 6.2 5.9 
DTPA Copper mg/kg 0.29 0.38 0.31 
DTPA Iron mg/kg 17.39 55.34 55.1 
DTPA Manganese mg/kg 1.83 0.36 0.92 
DTPA Zinc mg/kg 0.67 0.28 0.32 
Exc. Aluminium meq/100g 0.087 0.186 0.167 
Exc. Calcium meq/100g 3.94 1.44 1.53 
Exc. Magnesium meq/100g 0.17 0.09 0.13 
Exc. Sodium meq/100g 0.03 0.04 0.05 
Boron Hot CaCl2 mg/kg 0.56 0.55 0.55 
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